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GLOSSARY

Annealing: Heating of the layer, and holding at a suitable temperature, followed by
relatively slow cooling.
Chemical Vapor Deposition: deposition of a solid material through a chemical
reaction from gaseous reactants.
Epitaxial Growth: the growth of one crystal on the surface of another crystal (the
seed layer), on which the growth of the deposited crystal is oriented by the lattice
structure of the seed layer.
Etching: chemical treatment to selectively remove layers of a surface during
manufacturing.
Grain: an individual crystal in a polycrystalline material; it may or may not contain
twinned regions and sub-grains; a portion of a solid, in which the atoms are
arranged in an orderly pattern.
Grain Boundary: interface between two grains in a polycrystalline material
Photovoltaic: a renewable energy technology that converts sunlight directly into
electricity (and not in heat).
Polycrystalline silicon: material consisting of multiple small silicon crystals.
Reactive Ion Etching: an etching technology used in microfabrication. It uses
chemically reactive plasma to remove material deposited on wafers. The plasma is
generated under low pressure (vacuum) by an electromagnetic field. High-energy
ions from the plasma attack the wafer surface and react with it
Seed layer: thin layer of polycrystalline silicon whose crystallographic structure is
reproduced into the absorbent layer by means of the epitaxial growth.
Sheet Resistance: measure of resistance of thin films that are namely uniform in
thickness. It is commonly used to characterize materials made by semiconductor
doping, metal deposition, resistive paste printing, and glass coating.
Solar Cell: a photovoltaic cell that can convert light directly into electricity. A typical
solar is made from a semiconductor material such as silicon.
Substrate: a thick layer of non-silicon material on which a thin film of silicon or any
other photovoltaic material is deposited to form a solar cell. It provides mechanical
support to the functional photovoltaic material.
Thin film: a layer that has been deposited rather than cast pulled from a melt or
obtained through a layer transfer process.
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ABSTRACT

The photovoltaic effect is a very elegant method to convert light into electrical
power because it is a process that produces environment friendly and renewable
energy. This photovoltaic technology is modular, reliable and needs low
maintenance effort; therefore it is suited to a large range of applications and can
contribute substantially to our future energy needs. Thin film technologies are
becoming more and more important for the progress in all the physics world and in
particular even on photovoltaic field; thin film technology is the topic for this work.
The experimental component of this research was developed during 10 months in
the Belgian research center IMEC, dependency: "Solar Cell Technology" , team:
"Thin film solar cells‖, in APPENDIXE D, the acceptance note for the internship and
the declaration about the work developed are presented. The main objective of the
work performed was developing thin-film solar cells based on ultra thin seed layers
obtained by aluminum-induced crystallization of amorphous silicon.
This document describes in detail the development of research from a theoretical
and experimental perspective. The first chapter explains the importance of
renewable energy development considering the growing energy demand in the
coming years and the important role that photovoltaic technology plays in this
context, it also describes the state of the art of thin film photovoltaic technology,
also provides an overview of the development of photovoltaic technology in
Colombia.
The second chapter briefly explains the different photovoltaic technologies
according with the semiconductor material used, among which are the thin film, it
also illustrates the general overview of thin film polycrystalline silicon solar cells
and the procedure for manufacturing, explaining the different variables and
techniques that can be considered at every stage. The third chapter shows in detail
the methodologies used to reach the objectives, explains the equipment used, the
operating principles and technologies and procedures that were used during the
investigation.
In the fourth chapter, the results obtained are schematically presented and the
discussion of those, and finally the conclusions obtained through the work and
recommendations to be considered for future research undertaken in this field are
presented.
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RESUMEN

El efecto fotovoltaico es un método elegante de convertir la luz en poder eléctrico
pues es un proceso que produce energía amigable con el medio ambiente. La
tecnología fotovoltaica es modular, confiable y no requiere mucho mantenimiento,
además es aplicable a un amplio rango de usos y puede contribuir
sustancialmente a las necesidades energéticas futuras. Dentro de las muchas
tecnologías fotovoltaicas, aquellas basadas en capa delgada han sido
ampliamente investigadas durante los últimos años por el gran potencial que
ofrecen, y es precisamente esta tecnología de la que se trata el presente trabajo.
El componente experimental de esta investigación fue desarrollado durante 10
meses en el centro belga de investigación IMEC, dependencia: ―Solar Cell
Technology‖ en el equipo ―Thin film solar cells‖ (Celdas solares de capa delgada);
la carta de acpetación y la certificación del tiempo de trabajo en la compañía se
encuentra en el Anexo D. El principal objetivo del trabajo realizado fue desarrollar
celdas solares de capa delgada, basadas en capas semilla ultra delgadas
obtenidas mediante la cristalización inducida por aluminio del silicio amorfo.
El presente documento muestra de manera detallada el desarrollo de la
investigación desde un punto de vista teórico y experimental; el primer capítulo
explica la importancia del desarrollo de las energías renovables considerando la
creciente demanda energética para los próximos años y el importante papel que la
tecnología fotovoltaica desempeñará en este contexto, igualmente, se describe el
estado del arte de la tecnología fotovoltaica de capa delgada; también presenta
una visión general del desarrollo de la tecnología fotovoltaica en Colombia.
El segundo capítulo explica brevemente las diferentes tecnologías fotovoltaicas
existentes de acuerdo al material semiconductor utilizado, dentro de las que se
encuentran las de capa delgada, igualmente, se ilustran las generalidades de las
celdas solares de capa delgada de silicio policristalino y el procedimiento para su
elaboración, explicando las diferentes variables y técnicas que pueden ser
consideradas en cada etapa. El tercer capítulo muestra en forma detallada las
metodologías utilizadas para el cumplimiento de los objetivos planteados, se
explican los equipos utilizados, los principios de funcionamiento y las tecnologías y
procedimientos que fueron utilizados a lo largo de la investigación.
En el cuarto capítulo, los resultados obtenidos son esquemáticamente
presentados al igual que el análisis de los mismos; finalmente, se muestran las
conclusiones a las que se pudo llegar mediante el trabajo y las recomendaciones a
tener en cuenta para futuras investigaciones que se realicen en este campo.
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INTRODUCTION
This work has as main objective the development of polycrystalline silicon solar
cells thin layer, which are developed through seed layer epitaxial growth obtained
by the technique of "aluminum-induced crystallization." The research was
conducted at IMEC, the largest research center in nano-electronics and
nanotechnology in Europe.
Prior to the start of the research, IMEC had obtained some promising results on
solar cells developed by the use of polycrystalline silicon layers, which were
obtained by aluminum-induced crystallization of amorphous silicon, these solar
cells were grown on seed layers 200 - 250 nm thick, the seed layer is used as the
basis for the epitaxial growth of the absorbent layer, therefore, in this layer there is
light absorption, but this is not exploited for electricity production, to solve this, it
was proposed the development of seed layers with reduced thickness and good
quality to decrease such power losses and increase the efficiency of the solar cell;
the thesis approached two different alternatives to achieve ultrathin AIC seed
layers.
After a serious and complete review of literature and advances in the field, it was
necessary to receive training not only in the theoretical point of view, but also, in
the practical issues, then, after a general overview of the topic, two different routes
were designed to prepare the ultrathin AIC seed layers. The first route considered
fixing the seed layer thickness before the Aluminium Induced Crystallization during
the deposition of aluminium and amorphous silicon; on the other hand, the second
route contemplated reducing the seed layer thickness after the AIC by uniform
etching of the silicon layer.
After doing several experiments by following the two routes, it was obtained that for
the first route it is possible to get a 50 nm thick seed layer by varying the ratio Al:Si;
for the second route, it was observed that when exposing the seed layer to the
etcher plasma during 100-150 seconds, a ultrathin and good quality seed layer can
be achieved. For testing and measuring the seed layer quality, two different
microscopy methods were used, such as optical microscopy and scanning electron
microscopy.
Subsequently, the ultrathin seed layers obtained for each route were submitted to
the same solar cell process, which included absorbent layer growth by Low
Pressure Chemical Vapour Deposition (LPCVD), emitter formation and passivation
by Plasma Enhanced Chemical Vapour Deposition (PECVD), contacting and
metallization; then the solar cells developed were measured by using a solar
simulator by which it was possible to obtain the relevant parameter for solar cells
(Short circuit current, Open circuit voltage, , Fill Factor Efficiency).
1

The results obtained for solar cells based on ultrathin AIC layers by following the
routes, were compared with the solar cell based on the standard AIC seed layer;
the results show that there is an improvement in efficiency and produced current
when second route is followed compared with standard thin film polysilicon solar
cells. On the other hand, results also confirm that by following the first route there
is not improvement and in the contrary, there is a detriment in solar cell efficiency.
Finally, the results were used to establish theoretically the possible benefits or
detriments of using the developed thin film Polycrystalline Silicon solar cells to
generate electricity for domestic use in a limited zone in Bogota compared with the
traditional energy, this approximation was done taking into account the electricity
demand for domestic use, meteorological aspects and costs of electricity.

2

OBJECTIVES

GENERAL OBJECTIVE

Evaluate the influence of reduction of the thickness of the deposited material used
to make the seed layer on the quality of the absorber layer in the Polycrystalline
Silicon solar cell and the cell‘s performance compared with the standard thin film Si
solar cells developed in IMEC.

SPECIFIC OBJETIVES


Evaluate the quality of the seed layer and the absorber layer during the whole
process of seed layer manufacturing using different microscopy methods, such
as Optical Microscopy and Scanning Electron Microscopy.



Establish the influence of the thickness reduction of the aluminum and
amorphous silicon deposited over a real substrate on the quality of the seed
layer and establish how thin the seed layers can be made while still retaining a
good quality seed layer on a real substrate.



Develop the thin film solar cells from the deposited thin seed layer on a real
substrate, following the proper methodology (AIC Layer, Growth Absorber
layer, pn-junction formation, passivation, texturing and contacting).



Compare the environmental performance of the developed thin film
Polycrystalline Silicon solar cells based in ultra thin seed layer with the
environmental performance of the standard thin film silicon solar cells.



Determinate theoretically the possible benefits or detriments of using the
developed thin film Polycrystalline Silicon solar cells to generate electricity for
domestic use in a specific zone in Bogota compared with the traditional energy.

3

1. ANTECEDENTS

1.1 PHOTOVOLTAICS IN THE WORLD SCENE
1.1.1 The energy demand and its environmental consequences
The world as a whole consumes about 10 billion toe (tonne oil equivalent) of
primary energy per year. This consumption is bound to increase substantially in
the next few decades. The two factors leading to energy consumption increase are
population growth and economic growth. The world has witnessed a human
population explosion in the 20th century, from 1.6 to more than 6 billion people now.
While the present annual growth rate is about 1.3 %, population growth has begun
to slow down, and demographers predict that the population should stabilize at
around 10-11 billion in 2100 or even start declining before that1, Although
population growth alone can bring about a larger energy demand, the main driving
force behind the increasing energy consumption is economic growth that is
particularly strong in the developing countries, and according with the projections
of the Energy Information Administration, the total world consumption is projected
to expand by 50% from 2005 to 2030 (Figure 1) and the largest projected increase
is precisely for the developing countries. In addition, even when high prices for oil
and natural gas are expected to continue throughout the period, the energy
consumption is projected to continue increasing as a result of the economic growth
and expanding populations in the developing countries with an average annual rate
of 2.5%. Developed countries are more advanced energy consumers and for that
reason the energy demand in those economies is expected to grow slowly with an
average annual rate of 0.7%2
The fastest growing developing countries are India and China, and those
economies are and will be big contributors to the world energy consumption, in the
past their energy consumption as a share of total world energy has increased
significantly In 1980, China and India together accounted for less than 8% of the
world‘s total energy consumption; however consumption in other developing
economies also is expected to increase strongly in the next decades, with growths
around 60% projected for the Middle East, Africa, and Central and South
America3.

1 PEARCE, Fred. Counting down. In: New Scientist. October, 1999.
2 ENERGY INFORMATION ADMINISTRATION. International Energy Outlook. Scientific Report. United States: EIA; 2008.
3 UNITED STATES. ENERGY INFORMATION ADMINISTRATION. World energy Projections plus. Scientific Report. United
States: EIA; 2008.
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In the Colombian case, the data indicates that the electricity demand has grown
around 250% (Figure 2) during the last 25 years and it is expected that the demand
will keep growing strongly.
Figure 1 World Marketed energy Consumption 1980 - 2030
700.0

History

Projections

Quadrillon BTU

600.0
500.0
400.0
300.0
200.0
100.0
0.0
1980 1985 1990 1995 2000 2005 2010 2015 2020 2025
Year

Source: Source: History: Energy Information Administration

Figure 2 Total Net Electricity Consumption in Colombia from 1980 to 2007
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1.1.2 The change in the climate
In addition to the fast growth of the energy demand, there are however other and at
the moment more important reasons for a change in the way of obtain energy:
combustion of fossil fuels on a massive scale leads to the release of large amounts
of various polluting gases in the atmosphere. In the last years, this has become a
5

big source of concern. Locally, the emissions can produce air pollution and
consequently public health problems. Less immediate but potentially more
dramatic are the global effects, such as global warming. It is a fact that the
concentration of CO2 in the atmosphere has increased in a dramatic way since the
industrial revolution, mainly due to fossil fuel combustion. CO 2 plays an important
role in the regulation of the earth‘s surface temperature, and many climatologists
warn for disastrous consequences such as the fast rising of sea levels and an
increased occurrence of flooding and hurricanes.
In the early history of the earth, climate changes were integral parts of the
evolution of continents and of the formation of the atmosphere and the oceans and
theirs subsequent evolution; those are natural processes to keep the equilibrium of
the earth, but nowadays the man has interfered with the climate in different ways;
the first significant anthropogenic influence on climate is associated with the
extensive destruction of natural vegetation, primarily aimed at transforming it into
arable land or pastures, urbanization is another factor in climate temperature due
to this phenomenon usually entails an increase in temperature, a decrease in wind
speed, burning of fossil fuels and development of polluting industries, increased
atmospheric content of particles and trace gases, increased cloudiness and
precipitation, but less incoming radiation at the surface and less relative humidity at
the atmosphere over the urban area. The general circulation of the oceans has
also been affected by man‘s activities such as the regulation of river by building
dams or canals play a role by causing an unnatural timing of the peak run-off into
the oceans, or by diverting the run off to other parts of the oceans than those
originally receiving the river water, few such planned engineering enterprises have
been undertaken in open oceans, but number of proposals have been put forward
which could invoke large scale climatic changes ( An example is the proposal for
building a dam across the Bering Strait and pumping water from the Arctic Ocean
into the Pacific, in this way new warm water would be pulled into the Arctic region
from the Atlantic Ocean, where it might melt the sea ice). On the other hand
concern has been expressed over the effect of oil spills on the ocean-atmosphere
interface diminishing the transfer ok kinetic energy from the atmosphere to the
oceans, causing problems for the circulation in the oceans as well in the
atmosphere.
Other important cause of the climate change is the emission of aerosols, small
particles which presence in the atmosphere implies quite complex processes, a
layer of this kind of particles can cause the scattering, absorption or transmission
of the radiation, each sub process depending on the wave length of the radiation
and the properties of the particle. The net result of this physic phenomenon is the
modification in the amount of upward radiation from the earth‘s surface into space,
increasing the temperature at the surface, implying a heating effect. On the other
hand, is well known that gaseous emissions into the atmosphere my entail
environmental side effects and affect human health , such pollution capacities have
been demonstrated; however, trace gases may also interfere directly with climate,
6

by altering components of the radiation fluxes because H 2O and CO2 are very
important absorbers in the infrared wavelength region, and in particular for
wavelengths above 1000 nm where the peak of the long wavelength radiation to
space is situated. It is thus to be expected that an increase in the atmospheric
content of these absorbers will lead to a higher temperature in the troposphere as
well as on the earth‘s surface. The present content of CO2 is already big enough to
imply a nearly total absorption at l= 1.5x10 -5 m. It is therefore unlikely that even a
dramatic increase in CO2 could imply a temperature change of just one or two
degrees that a global scale may have serious effects on climate, and in particular if
the local temperature change is amplified in sensitive regions, such as the polar
ones. In addition, it is important to notice that life, and in particular, human life is
sensitive to even very small changes in certain critical elements. Among these, a
well established cause is that of ultraviolet radiation penetrating to the surface
depends on the presence of definite trace gases in the stratosphere. In particular, it
has been suggested that the ozone concentration may be very sensitive to various
human activities, such as aircraft combustion products. Cholorfluoromethanes and
nitrous oxide from increased use of fertilizers in agriculture. In the two later cases
for example, the gases in question are very inert in the troposphere, but may
become catalyst for chemical processes in the stratosphere by which ozone is
depleted.
Taking into account all the previous considerations and the fact of the fast growth
of CO2 emissions and it‘s concentration in the atmosphere, it has became a big
and urgent interest to stabilize those concentrations. Actually world energy-related
carbon dioxide emissions are increasing at a rate of about 2.1% per year. Carbon
dioxide concentrations, on the other hand, are rising by only about 0.6 percent per
year (Figure 3). There are two major reasons for the difference:
 First, the base from which growth in the atmospheric carbon dioxide
concentration is calculated is much larger than the base from which increases in
annual emissions are calculated. Before the industrial revolution, the weight of
carbon dioxide in the atmosphere was about 2,163 billion metric tons, and in the
early stages of industrialization the concentration increased slowly—at a rate of
about 0.04 percent per year.
 Second, the Earth‘s oceans and soils absorb carbon dioxide. Over time, about
42 percent (at current emission rates, between 11 and 12 billion metric tons) of the
net carbon dioxide emitted through the burning of fossil fuels and deforestation has
been absorbed by the planet and has not accumulated in the atmosphere. The
other 58 percent has been added to the atmospheric balance. One of the
uncertainties in projecting future concentrations is whether the same absorption
ratio will hold for future emissions4.
4 UNITED STATES. ENERGY INFORMATION ADMINISTRATION. International Energy Outlook 2008, What Will It Take To
Stabilize Carbon Dioxide Concentrations?.[ web site] Available in http://www.eia.doe.gov/iea. Access on February 8th 2009.
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In pre-industrial times, the concentration of carbon dioxide in the atmosphere was
about 280 parts per million. The atmospheric concentration of carbon dioxide at
present is about 380 ppm, and according to the projections, by 2030 it would be
about 450 ppm. If the growth of world carbon dioxide emissions continues
unabated, the concentration of carbon dioxide in the Earth‘s atmosphere could
reach 560 ppm by the middle of the 21st century, many possible actions beyond
those currently projected in the business-as-usual baseline would be needed to
stabilize the atmospheric concentration of carbon dioxide at a level below 560 ppm
(still double the pre-industrial level).
Figure 3 Growth in Carbon Dioxide Emissions and Atmospheric concentration,
1990 – 2030
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There is no unique path for achieving any stabilization goal. In addition, a number
of ―wild cards‖ could alter the relationship between emissions rates and
atmospheric concentrations—such as the Earth‘s capacity to absorb carbon, which
some scientists believe could be diminished by global warming and one of the
most generator activities that emit carbon dioxide is the traditional way of produce
energy, that is why is very important to find alternative and cheap ways to get the
energy the man needs to minimize the effect of that activities on the earth‘s
equilibrium
1.1.3 Renewable energies in the energy supply
It is clear that the energy demand will grow and it has to be filled in some way,
there are several sources of energy and the use of them will increase over the
time; it is expected that world oil prices will remain high in the future, the liquids
8

consumption will increase with an annual rate of 1.2% from the present to 2030
Renewable energy and coal are the fastest growing energy sources, with
consumption increasing by 2.1% and 2.0% respectively (figure 3), The high growth
of the consumption of coal is due to its costs are comparatively low relative to the
costs of liquids and natural gas, and abundant resources in large energyconsuming countries (including China, India, and the United States) make coal an
economical fuel choice. Projected high prices for oil and natural gas, as well as
rising concern about the environmental impacts of fossil fuel use, improve
prospects for renewable energy sources.
There are several alternative modes of energy production. Some of them have
already been developed and are used on an industrial scale while others are in the
stage of research or development. A different type of energy production which
appears very promising comes from renewable energy technologies. Renewable
energy is obtained from a natural resource that is inexhaustible on a human scale.
The most important forms of renewable energy are hydropower, biomass, wind
power and solar energy. These kinds of energies lead to a very small net CO2
release in the atmosphere and have a low environmental impact compared to other
forms of energy production. Predictions ensure that the renewables will increase
their participation in the global production of energy (Figure 4). Renewable energy
is likely to account for more than 25% of the energy production by 2020 and more
than 50% in 2060.5
The fast growth of the renewable fuels as a source of energy is due to higher fossil
fuel prices, particularly for natural gas in the electric power sector, along with
government policies and programs supporting renewable energy, allow renewable
fuels to compete economically. And it is expected that much of the growth in
renewable energy consumption is projected to come from Asia, Central America
and South America (Figure 5) where several countries have hydropower facilities
either planned or under construction.
In Colombia, owing to its hydrological facilities, the production and consume of
Hydroelectricity is highly developed (Figure 6), and the most of the net electricity is
produced in this way, however other renewable energies have to be researched
and introduced into the market. On the other hand, developed countries where
most hydroelectric resources already have been developed or lie far from
population centres, the renewable energy consumption is expected to come from
non hydroelectric resources, such as wind, solar, geothermal, municipal solid
waste, and biomass.

5 BEAUCARNE G. Crystalline Si solar Cells In Thin Layers Deposited On Foreign Substrates Using High – Temperature
Chemical Vapour Deposition. [Ph.D. Thesis]. Leuven: Katholieke Universiteit Leuven, 2000. 183 p.
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Figure 4 World Marketed energy Used by Fuel type 1990 – 2030
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Figure 5 Projection of Consumption of Hydroelectricity and other Renewable
Energy in Central and South America (Brazil not included)
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Figure 6. Colombian Net Hydroelectric Power Consumption Most Recent Annual
Estimates 1980-2006
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1.1.4 Photovoltaic is a renewable energy
It is noticed that Fossil fuels will likely continue to meet the projected increase in
primary energy demand implying that global energy-related carbon dioxide (CO2)
emissions will increase by 52% in 20306.To limit these CO2 emissions, the CO2
needs to be captured or alternative energy sources should be used such as
nuclear, wind, hydro or solar energy that do not emit such gasses for the
production of energy.
i.

The solar energy

The sun is a star in the centre of our Solar System, the earth and other matter orbit
the sun, which by itself accounts for about 99.8% of the Solar System‘s mass, and
the energy from the sun drives the earth climate and weather, the sun is the
biggest energy source of the earth, the power source for the plants, the cause of
flows of atmosphere and water, the source of the warmth which makes the life
possible, nothing would exist without it, since ancient times solar energy has been
harnessed by humans in many different ways because it has been a constant and
available renewable energy, the sun is essentially a sphere of gas heated by
nuclear diffusion reaction at its centre; temperatures near the sun‘s centre are
estimated to reach a warm 20.000.000 K. however is not the temperature that
determines the characteristic electromagnetic radiation emission from the sun.
Most of the radiation from the sun‘s interior is absorbed by a layer of negative
hydrogen ions near the sun‘s surface. These ions act as continuous absorbers
over a great range of wavelengths and the heat accumulated in this layer sets up
some convective currents that transport the excess energy through an optical
barrier, after that, the energy is reradiated into relatively transparent gases above.
the sharply defined level where convective transport gives way to radiation is
known as the photosphere, where the temperatures are around 6.000 K, this layer
radiates a continuous spectrum of electromagnetic radiation.
The radiant power per unit area perpendicular to the direction of the sun outside
the earth‘s atmosphere but at the mean earth –sun distance is essentially constant,
this intensity is named solar constant or air mass zero (AMO) which accepted
value is 1.353 kW/m2, to understand this value, and its variations due to such
effects as differing transmissivity of the sun‘s atmosphere is important in solar cell
work because these cells respond differently to different wavelengths of light7
From the total sun radiation that the upper atmosphere of the earth receives,
approximately 30 % is attenuated, causes of that attenuation are:
6 INTERNATIONAL ENERGY AGENCY, ―World Energy Outlook 2005,‖ Scientific Report. United States: OECD/IEA; 2005
7 GREEN M. ―Solar Cells and Sun Light‖ from the book ―Solar cells, Operating Principles, Technology, and system
applications‖ Sidney: Prentice Hall, Inc; 1982. 2-11.
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Scattering by molecules in the atmosphere. This mechanism attenuates
sunlight at all wavelengths but is more effective at short wavelengths.
Scattering by aerosols and dust particles.
Absorption by the atmosphere and its constituent gases.

The degree of attenuation is highly variable; the most important parameter
determining the total incident power under clear conditions is the length of the light
path through the atmosphere. This is shortest when the sun is directly overhead,
the ratio of any actual path length to this minimum value is known as the optical air
mass. When the sun is directly overhead, the optical air mass is unity and the
radiation is described as air mass one (AM1) radiation. When the sun in an angle 
to overhead the air mass is given by the next relation (Equation 1):
Equation 1 Air mass radiation
Air mass 

1
cos

With increasing the air mass but with other atmospheric variables constant, the
energy reaching the earth is attenuated at all wavelengths; inside the earth the
situation is opposed to the situation presented outside, because the terrestrial
sunlight varies significantly both in intensity and spectral composition due to the
fact that the energy inside the atmosphere is absorbed by clouds, oceans and land
masses, the spectrum of the solar light at the earth‘s surface is mostly spread
across the visible and near infrared ranges with a small part in the near U.V. the
radiation power varies according mostly with the hour of the day, atmospheric
conditions and latitude, that is why to meaningful comparison between the
performances of different solar cells tested at different locations, a terrestrial
standard has to be defined and measurements referred to this standard, the most
widely used terrestrial standard is the AM1.5.
The radiation can be harnessed in its components: direct radiation and diffuse
radiation or the sum of both of them; direct radiation arrives directly from the solar
focus to the earth without reflection or refraction in between, the diffuse radiation is
emitted by the sky thanks to the several phenomenon (solar reflection and solar
refraction in the atmosphere, clouds and atmospheric or terrestrial elements), that
is why the composition of terrestrial sunlight is further complicated; in clear
cloudless skies, the diffuse component can account for 10 to 20 % of the total
radiation received by a horizontal surface during the day, for less sunny days, the
percentage of radiation on a horizontal surface that is diffused generally increases,
reasonable estimates of global radiation (direct plus diffuse) received annually on
horizontal surfaces are available for most regions of the world. However, there are
uncertainties involved is using this for a specific place because of the large
12

deviations that can be caused by local geographical conditions and approximations
involved in conversion to radiation on inclined surfaces.
ii.

Photovoltaic solar energy: a promising technology

Actually two kinds of solar energy exist, one of those is the photovoltaic solar
energy that uses a semiconductor device that converts the incident light into
electricity; the photovoltaic effect was discovered in 1839 when the young physicist
Alexandre Edmond Becquerel observed a physical phenomenon allowing lightelectricity conversion, he was the first scientific who described the photovoltaic
effect, later, in 1873, Willoughby Smith discovered photovoltaic effect in selenium.
In 1876, with his student R. E. Day, William G. Adams discovered that illuminating
a junction between selenium and platinum also has a photovoltaic effect. These
two discoveries were a foundation for the first selenium solar cell construction,
which was built in 1877. Charles Fritts first described them in detail in 1883; 4
years later, Heinrich Hertz discovered that ultraviolet light changes the voltage at
which sparks between two metal electrodes would be initiated, interesting and
important phenomena. At the beginning of the 20th century the theoretical
explanation of the photovoltaic effect was extended with the work of Albert Einstein
who described the phenomenon in 1904. For his theoretical explanation he was
awarded a Nobel Prize in 1921. Einstein's theoretical explanation was practically
proved by Robert Millikan's experiment in 1916; in this period, the first silicon solar
cells were developed, the polish scientific Jan Czochralski discovered a method for
monocrystalline silicon production, which enabled monocrystalline solar cells
production. The first silicon monocrystalline solar cell was constructed in 1941. But
not only silicon material was investigated; in 1932 the photovoltaic effect in
cadmium-selenide was observed. Nowadays, CdSe belongs among important
materials for solar cells production.
All the previous discoveries opened the possibility to start an intensive research in
laboratories around the world, in 1951, the first germanium solar cells have been
made. Dr. Dan Trivich of Wayne State University has made some theoretical
calculation on solar cell efficiency with different materials, and on solar spectrum
wavelengths in 1953. In 1954, the RCA Laboratories published a report on CdS
photovoltaic effect. AT&T organized several demonstrations on solar cells
functioning the same year. The Bell's Laboratories published the results of the
solar cells operation with 4.5 % efficiency. The efficiency was increased to 6 %
within a few months, and applications did not take long to appear, In 1955, the
preparation on satellite energy supply by solar cells began. Western Electric put for
sale commercial licenses for solar cells production. Hoffman ElectronicsSemiconductor Division introduced a commercial photovoltaic product with 2 %
efficiency for US$ 25 per cell with 14 mW peak power. The energy cost was US$
1,785 per W. In 1957, Hoffman Electronics introduced a solar cell with 8 %
efficiency. A year later, in 1958, the same company introduced a solar cell with 9 %
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efficiency. The first radiation proof silicon solar cell was produced for the purposes
of space technology the same year. On 17th March, the first satellite powered by
solar cells, Vanguard I, was launched. The system ran continuously for 8 years.
Two other satellites, Explorer III and Vanguard II, were launched by Americans,
and Sputnik III by Russians. The first telephone repeater powered by solar cells
was built In Americus, Georgia. In 1959, Hoffman Electronics introduced
commercially available solar cells with 10 % efficiency. Americans launched the
satellites Explorer VI with photovoltaic field of 9,600 cells and Explorer VII. In 1960,
Hoffman Electronics introduced yet another solar cell with 14 % efficiency. The first
sun-powered automobile was demonstrated in Chicago, Illinois on August 31 st,
1955.
After all these advances in the photovoltaic industry the conferences did not wait,
in 1961 A United Nation's conference on solar energy application in developing
countries took place, 2 years later, Sharp Corporation developed the first usable
photovoltaic module from silicon solar cells; at that time, an extensive research on
photovoltaic technologies for extraterrestrial application was done and some
satellites were launched with solar panels in the 60´s, in the 70´s the first
application of photovoltaic technologies on earth was achieved by the creation of
different corporations and it was possible also to install the first photovoltaic
systems for the third world rural areas which were meant to or refrigerator,
telecommunication equipment, medical equipment, lighting and water pumping
power supply as well as for other applications, later, new applications for supply of
technologically sophisticated devices on Earth like meteorological stations (1977),
water pumping, radar station power supply(1977) and solar cars (1983).
In 1985 researches of University of New South Wales in Australia have constructed
a solar cell with more than 20 % efficiency. BP built a power plant in Sydney,
Australia and shortly after another one nearby Madrid. A photovoltaic system was
built in Sulawesi, Indonesia for the purposes of a terrestrial satellite station. In
1986, ARCO Solar introduced a G-4000, the first commercial thin film photovoltaic
module. In the 90´s the photovoltaic industry had a tremendous growth, the solar
cells were produced at a big scale around the world and a lot of money and
knowledge was invested in research and development, this decade was noticeable
by the creation and growth of many companies around the world specialized in
production and research in solar cells, different important projects were executed in
terrestrial and extraterrestrial applications.
Finally, the new century has started with the construction of huge plants, the
biggest of them are located in Germany, in 2002 the world's largest photovoltaic
plant at that time was connected to the public grid in Hemau near Regensburg
(Bavaria. The peak power of the "Solarpark Hemau" plant is 4 MW. Due to
renewable energy law "EEG" many other large systems up to 5 MW were built in
Germany in year 2004. Some of them are Solarparks Geiseltalsee, Leipzig,
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Bürstadt, Göttelborn and others, other countries are building big plants to provide
electricity to the public, especially in those places not accessible.
All the advances in photovoltaics had shown that photovoltaic solar energy has a
very high potential, for a start, solar energy is a practically unlimited resource
available everywhere and is quite evenly distributed over the globe, it is also
present in remote areas, which makes it particularly suitable for not so easily
accessible locations. Furthermore, photovoltaic panels require little maintenance,
are reliable and have a long lifetime.
The production of PV modules has grown the last years with an average annual
rate of 40% (Figure 7), which makes photovoltaics one of the fastest growing
industries under the impulse of market support programs. This resulted in an
annual shipment of PV modules of 3 GWp in 2007 giving a total accumulated
installed power of 5 GWp worldwide8 with a turnover of more than € 14 billion.
Investors in PV are forecasting an increase of yearly installation up to 3 – 5.6 GWp
after the next 5 years. PV energy is gaining momentum, but compared to the
current global energy production of 16 TW, it is clear that it is a huge challenge to
develop the technology to the level where it can produce a significant share of the
energy requirement. Exemplary in this respect is the decision of the European
Commission to go for a share of 12% of European electricity demand by 2020 9. As
a result of this sustained growth, the photovoltaic sector, which measures at this
moment a 15-20 Billion $ (the value of the PV-systems market) in financial terms,
will become a plus 100 billion dollars sector in 2020.
The production of PV cells is constantly improving as a result of technology
advances and changing industrial processes but nowadays, the concern is focused
to convert the PV technology in a cheaper alternative to assure its growth, for that
is basic to increase the efficiency and to decrease the price of the PV system
components; About 75% of the PV system us represented by the module, 10% by
the balance of system components and 15% by installation costs 10. The (EPIA)
expects that prices will come down from about 4 €/Wp to 2 €/Wp by 2020.

8 EUROPEAN PHOTOVOLTAIC INDUSTRY ASSOCIATION. Scientific Report. European Union: EU; 2008.
9 EUROPEAN RENEWABLE EUROPEAN COUNCIL. Renewable Energy Technology Roadmap 20% by 2020. [web site].
Available

in

http://www.erec.org/fileadmin/erec_docs/Documents/Publications/Renewable_Energy_Technology_Roadmap.pdf.

Access

on December 15th 2009
10 BEAUCARNE G. ―Crystalline Si solar Cells In Thin Layers Deposited On Foreign Substrates Using High – Temperature
Chemical Vapour Deposition‖. [Ph.D. Thesis], Katholieke Universiteit Leuven; 2000.
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Figure 7 World PV Growth (1999-2007)
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1.1.5 The photovoltaic technology
Although solar cells are at the moment only competitive for niche markets, the
photovoltaic industry has witnessed a fast and sustained growth in the last few
years (about 40 % per year). Among the various competing technologies, some
are well established while others are still struggling for introduction into the market.
The dominant technologies that currently are in the market are based on the use of
crystalline silicon, amorphous silicon or CDTe.
The dominant technology in the photovoltaic industry is bulk crystalline Si,
representing more than 80% of the photovoltaic module production. The cells are
produced by applying a process on high-purity. This type of solar cells achieves
high and stable energy conversion efficiencies. In the laboratory, efficiencies up to
24.7 % have been reached. In an industrial environment, solar cell efficiencies of
typically 13 % for multicrystalline and 16 % for monocrystalline material are
obtained, but advanced processing techniques can increase the efficiencies of
these industrial solar cells: on the other hand, amorphous Si is a material which is
deposited at low temperature and which features short-range regularity without the
long-range periodicity present in a crystalline material. The discovery that
hydrogenated amorphous Si (a-Si:H) could be used for photovoltaic devices
provoked a surge in research on this material, which peaked in the 1980‘s. a-Si
modules are increasingly penetrating the market for consumer power, such as
street lights, battery chargers, electric fences, etc, an intrinsic problem of a-Si:H
cells is degradation under illumination, With multiple junction structures, stabilized
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efficiencies of 13%11 have nevertheless been achieved in the laboratory while
industrial solar cells are approaching 8%, however, efforts are in process to close
the efficiency gap between the highest stabilized efficiencies demonstrated on lab
scale and efficiencies achieved in production12.
Organic solar cells have been also developed, normally, those solar cells are
based on organic materials which are very cheap when mass produced; several
concepts for all-organic solar cells exist and are actively being developed. Most
promising among them is probably the bulk-heterojunction solar cell, which
consists of a blend of two different types of organic semiconductors, a ―donor‖ and
an ―acceptor‖, sandwiched between two metals with different work functions. The
blend is designed to ensure a quick transfer of photo-excited electrons throughout
the active layer, while the difference in work function provides the driving force for
charge carrier extraction. In the past five years this technology has had a fast
growth as result from the use of cell concepts which differ fundamentally from the
essentially planar homojunction and heterojunction approaches prevailing in
nowadays solar cells and relies strongly on the use of nanoscale phases to
increase carrier collection.
The newest approaches had been made on thin Film compound solar cells, those
technologies are now in researching and pilot production state. Namely CdTe solar
cells and Cu(In,Ga)(Se,S) (abbreviated to CIGS) solar cells, this technology has
been developed to address the difficulty that silicon wafer-based technology has in
reaching the very low costs required for large scale photovoltaic applications as
well as the perceived fundamental difficulties with other thin-film technologies, the
aim is to combine the advantages of standard silicon wafer-based technology,
namely ruggedness, durability, good electronic properties and environmental
soundness with the advantages of thin-films, specifically low material use13. These
technologies are based on a direct band gap compound semiconductor and
therefore require only thin active layers. Different deposition methods with
promising economy have been applied (often with vacuum technology, depositing
the layers on cheap substrates). Other methods like spraying, electro-deposition
and sintering of screen printed films have been used successfully14. Laboratory cell
efficiencies of 16.5%15 and 17.7 % for CIGS solar cells16.
11 YANG J, BANERJEE A, LORD K, GUHA S. Correlation of component cells with high efficiency amorphous silicon alloy
triple-junction solar cells and modules. In: Proceedings 2nd WCPVSEC.1998. p. 387-390.
12 RECH

B. WAGNER H. Potential of amorphous silicon for solar cells. In: Applied Physics A: Materials Science &

Processing. 1999; Vol 69, Iss 2: p. 155 -167.

13 GREEN M, et al. Crystalline silicon on glass (CSG) thin-film solar cell modules Solar Energy. In: Solar Energy. 2004;
Vol. 77, Iss. 6: p. 857-863.
14 EUREC AGENCY. The Future For renewable Energy, Prospects and directions. Ed James. 1996. p 85.
15 WU X , et al. High-Efficiency CTO/ZTO/CdS/CdTe Polycrystalline Thin-Film Solar Cells. In: NCPV Program Review
Meeting, 2001; p 14 – 17.
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1.2 THIN FILM SILICON SOLAR CELLS
For this work, the attention will be on thin film polycrystalline silicon solar cells
based on ultrathin aluminium induced crystallization layers, nevertheless, many
approaches have been done in this topic, and the will be describe briefly.
Thin Film Silicon Solar Cells were conceived as an alternative to reduce costs
taking into consideration that the cost of silicon accounts for about half of the
production cost of current industrial silicon solar cells, and an obvious way to
decrease the costs of the cells is to process them using thin films deposited onto
supporting substrates. Presently, the thickness of silicon substrates for solar cell
production is slightly above 200m, but technologies to cope with substrate
thicknesses to slightly <100m are under development, to go for active silicon
thickness as low as 5 – 20 m, a layer of active silicon can be deposited on top of
a lower cost substrate. So far, the most successful thin film technology, is the
amorphous silicon; in 2000 the Department of Physics and Astronomy (University
of Toledo, Ohio) ultra lightweight amorphous silicon solar cells were investigated to
be used for space applications, the researchers deposited a Si thin film solar cell
on ultra thin stainless steel substrates of 15 µm and 7.5 µm thick and compared
the results with those on standard 5 mil basis, obtaining ultra lightweight solar cells
with a similar performance as solar cells on thick substrates and with a specific
power of 1.08 kW/kg, significant for space power applications17, but despite the
long research on this material, its participation in the market is relatively low, a
disadvantage of this semiconductor material, is that it has a high density of defects,
additionally the amorphous silicon presents high inducing degradation and the
modules present low efficiencies. Another thin film material that can be used is the
microcrystalline silicon, and it consists basically, in small crystalline particles; the
crystalline structure decreases the light degradation but it is not completely
avoided.
Because of the relatively low efficiency and stability problems related with the
above Si based materials, none of the previously mentioned technologies have
been able to gain a substantial market share so far. An obvious solution for the
stability problem is to use a fully crystalline Si material that does not suffer
anymore from the degradation behaviour. Besides abundant availability, nontoxicity and stability, crystalline Si has the advantage that the available know-how
on conventional crystalline Si processing can be used, but despite the Research
and development effort in the field of thin polycrystalline solar cells, the introduction
of its results into the photovoltaic industry proceeds relatively slow, especially for
16 R. Tuttle, et al. The performance of CIGS-based solar cells in conventional an concentrator applications. In: Mat. Res.
Soc. Symp. Proc. 1996. p. 143 – 151.
17 DENG, X, et al. Ultra-Lightweight Amorphous Solar Cells Deposited on 7.5 µm Thick Stainless Steel Substrates. In:
Proceedings of IEEE. August, 2000. p. 1050 – 1052.

18

those approaches using temperatures above 600 C to realize the Silicon device
layer, and these types of technologies re the focal point in the solar cells activities
at IMEC. The basic assumption made to justify the effort on high temperature thin
film crystalline Si solar cells is to combine the anticipated substantially lower cost
for the substrate with the well established stability and high efficiency of crystalline
Si solar cells, at present three crystalline Si thin film concepts can be distinguished
with deposition or process temperatures in the range of 550C to the melting
temperature of Si, the approaches are briefly described below18:






The first approach is to create epitaxial thin film solar cells by starting with
highly doped crystalline silicon wafers and depositing an epitaxial layer by
chemical vapour deposition. Next to the cost and availability advantages, this
approach enables a gradual transition from a wafer based to a thin film
technology. As the process is similar to a classical bulk silicon process, this
technology is easier to implement in existing lines than any other thin film
technology, as a beginning in 1999 the results of a research were published
in which the performances of thin-film poly-Si solar cells with a thickness of
less than 5 micro m on a glass substrate were investigated, in this work, the
polycrystalline layer was fabricated by plasma chemical vapour deposition
(CVD) at low temperature. The cell with a thickness of 2.0 micro
demonstrated an efficiency of 10.7% and no light-induced degradation is
observed, now this technique is widely used with very good results
The second approach consists in depositing a monocrystalline layer
epitaxially on a porous silicon film that is at some point in the process
separated from the substrate, the idea is to reuse the parent substrate many
times, so that the final wafer cost per solar cell is low.
The third approach can be described as a polycrystalline Si approach with
crystals size around 1 to 20m, resulting from Si-film formation at
temperatures in the range from 550C to 1000C. consists in a layer of only a
few microns of crystalline silicon is deposited on a cheap foreign substrate,
such as ceramic or high temperature glass and it has been demonstrated that
that good polycrystalline silicon solar cells can be obtained using aluminium
induced crystallization of amorphous silicon. This process leads to very thin
layers with an average grain size around 5 m, these seed layers are the
epitaxially thickened into absorber layers several microns in thickness using
high temperature chemical vapour deposition, this system is used because of
the high growth rates and achievable crystalline quality. This choice,
however, imposes the use of a heat resistant substrate material such as
ceramic. This technology is not yet as mature as the other thin film
technologies, but shows high cost reduction potential. Additionally, other

18 POORTMANS J, et al. Approaches taken from Thin Film Crystalline Si solar Cells: Facts and challenges. In: Technical
Digest of the International. In PVSEC Proceedings . 2004.

19

options to induce crystallization had been used as such as zone melting
recrystallization19 , solid phase crystallization20and laser crystallization. These
techniques hade been widely used with good results, but for this work,
aluminium induced crystallization is considered.
1.3 THIN FILM POLYCRISTALLINE SILICON SOLAR CELLS BASED ON
ULTRA THIN ALUMINUM INDUCED CRYSTALLIZATION LAYERS.
One of the first works done in AIC were developed in 1998 when Oliver Nast and
his team made Aluminum-induced crystallization 500nm thick layers of amorphous
silicon on glass substrates, it was observed that the amorphous silicon was
completely crystallized, and it was determinate the relation between temperature of
crystallization and the crystallographic quality of the poly-silicon21, one year later,
Nast made a more accurate research about the exchange mechanism in the
formation of polycrystalline silicon by aluminum-induced crystallization, it was
demonstrated that not only the temperature of crystallization is important, the
annealing time and the ratio Al-Si plays an important role in the mechanism22, the
same year, another results were published, in this research, Aluminium-induced
crystallization of amorphous silicon (a-Si) was studied using various microscopy
Techniques and x-ray photoelectron spectroscopy, The results presented focus on
the influences of the polycrystalline structure of the evaporated Al, the Si–Al layer
sequence, and the interface layer between the Al and Si films on the overall
crystallization process. They reveal that the larger the Al grain size of the initial
polycrystalline Al layer, the larger the grain size of the final poly-Si film and the
slower the entire layer exchange process; Additionally, evidence is given that an Al
oxide interface layer separates the continuous poly-Si layer from the Al,
independent of the original layer sequence. The analyzed oxide interface layer
remains at its position throughout the entire Al and Si layer exchange process23.

19 ISHIHARA, T. ARIMOTO, S. High efficiency thin film silicon solar cells prepared by zone-melting recrystallization. In:
Applied Physics Letters. December, 1993. Vol 63, Issue 26, p 3604.

20 BABA, T,

et al. 9.2% Efficiency Thin film Polycrystalline Silicon Solar Cell by a Novel Solid Phase Crystallization

Method. In: 13th European Photovoltaic Solar Energy Conference. October, 1995. p. 1708
21 NAST, O, et al. Aluminum-induced crystallization of amorphous silicon on glass substrates above and below the eutectic
temperature. In: Applied Physics Letters. 1998. Vol 73, Issue 22.
22 NAST, O, et al. Elucidation of the layer exchange mechanism in the formation of polycrystalline silicon by aluminuminduced crystallization. In: Journal of Applied Physics. 2000. Vol 88, Number 1, p. 124 -132.
23 NAST, O, et al. Influence of interface and Al structure on layer Exchange during aluminum-induced crystallization of
amorphous silicon‖. In: Journal of Applied Physics. 1999. Vol 88, Number 2, p 716.
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But not only aluminium is used to induce the crystallization, other metals like nickel
were used in 2000 at a temperature around 400ºC with relatively good
crystallographic quality of the layer24, by the way, new research to deposit high
quality polycrystalline silicon with CVD was presented when in 2000 Guy
Beaucarne published the results of his pH.D thesis developed in IMEC; the
purpose of the thesis was to investigate the possibilities of thin-film crystalline Si
solar cells on foreign substrates when the active Si layer is deposited with thermal
CVD having into account the selection of the substrate based in the requirements
of the solar cell and of the deposition technique, the deposition of the Si layer on
foreign substrates with CVD, the technological aspects of thin-film Si solar cell
processing, the technological aspects of thin-film Si solar cell processing and the
factors limiting the performance of thin-film Si solar cells attempting to determine
how the devices can be improved; some of the main conclusions of his researching
were that ceramic substrates based on aluminium oxide are the most suitable
thanks to their low cost, limited impurity out diffusion and excellent optical
properties and that In the study of Si deposition on foreign substrates, it has been
demonstrated that coarse-grained layers can be obtained by controlling the
nucleation in the early phase of the nucleation process. In addition, during his
researching, he used three different solar cell processes developed specifically for
thin-film Si solar cells on foreign substrates, two simple side-contacted processes
and a more complex interdigitated locally diffused process obtaining different
efficiencies.
New works in AIC and his understanding were done, in 2003 more experiments
were done, the Experimental resulted reveal that the Al on top of a-Si arrangement
had more evident effect in crystallization enhancement than that with Al under a-Si,
and the resultant poly-Si films showed preferred (400) crystal orientation25, also, it
was studied the influence of the different substrates as such as mullite and alumina
on the AIC layer quality26, the same year the first solar cells based in AIC
polycrystalline seed layer were developed on ceramics, for this case, epitaxial
thickening of the seed layer and implementation in a solar cell process was done,
for first time, the first thin film polycrystalline silicon solar cells based on AIC seed
layer showed some good result27, since then, efforts had been done to improve the
24 YOON, S, et al . Metal-induced crystallization of amorphous silicon using Ni solution . In: Journal of applied physics.
September, 1997. Vol 82, p. 5865.
25 ZENG, X et al. Polycrystalline Silicon Thin Film Obtained By Aluminum Induced Crystallization. In: International Journal of
Computational Engineering Science. 2003. Vol. 4, Issue 3, p. 513 – 516.
26 PIHAN, E ,et al. Polycrystalline Silicon Films On Ceramic Substrates By Aluminium-Induced Crystallization Process. In:
3rd World Conference on Photovoltaic Energy Conversion. May, 2009. p. 11-18.
27 ORNAGHI, C. et al. Thin film polycrystalline silicon solar cell on ceramics with a seeding layer formed via aluminiuminduced crystallisation of amorphous silicon. In: EE Proceedings -- Circuits, Devices & Systems. 2003. Vol 150, Issue 4, p.
287.
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technique, not only the one related with the AIC mechanism, also research was
done to improve epitaxial thickening and solar cell process for this particular kind of
seed layer. Also, other substrates were tested; in 2004, IMEC presented new
results obtained by the use of AIC of silicon on high temperature substrates as
such as ceramic and glass. The AIC process developed was different for each kind
of substrates because of the different surface properties, in ceramic substrates an
intermediate oxide layer was introduced to avoid the islands and to achieve large
grains. Epitaxial deposition produced good crystallographic quality and results in
layers with a grain size around 5 µm. solar cells with efficiencies up to 4.2% and
Voc values of about 430 mV were made, being an encouraging development for
thin-film solar cells on cheap foreign substrates.28 In 2005 the technique was
improved and solar cells were made reaching Voc values up to 460 mV and energy
conversion efficiencies around 4.5%29, simultaneously, it was demonstrated that
the substrate roughness has an influence on the quality of thin film polycrystalline
silicon solar cells made by AIC, reducing the substrate roughness by using a
flowable oxide layers resulted in different seed layer morphology and better solar
cell efficiency30.
In 2006, good results were obtained when seed layer were made by AIC on the
different substrates: ceramic alumina and glass ceramic, obtaining a maximum cell
efficiency of 7% on alumina; this is by far the highest efficiency ever achieved with
pc-Si solar cell on ceramic substrates where no (re) melting of silicon was used at
the moment of the publication; at the end, IMEC reached average efficiencies of
5.9% on alumina substrates and 5.4% on glass ceramic substrates31.
Since Imec personnel started working on AIC based polycrystalline solar cells, they
have made a steady progress, improving the techniques and the processes the
efficiencies went from 3% - 4% to efficiencies above 5% - 6%, but the higher
efficiency was obtained in 2007, when an efficiency of 8% was reached 32, IMEC
presented promising solar cells results that were obtained on polycrystalline Silicon
films made by AIC of amorphous silicon followed high temperature epitaxial
deposition at temperatures above 1000C, using Ceramic alumina substrates and
glass ceramic substrates that are able to resist this temperature obtaining a good
28 BEAUCARNE, G, et al., . Aluminum Induced Crystallization of Silicon on High Temperature Substrates for Thin Film
Crystalline Solar Cells, In: Proceedings of the 13th European Photovoltaic Solar Energy Conference. June, 2004, p. 467 470
29 GORDON, I, et al.,Thin-film polycrystalline silicon solar cells on ceramic substrates by aluminum-induced crystallization.
In: Thin Solid films. September, 2005. Vol 487, p. 113-117.
30 GESTEL, Dries Van, et al,. Influence of Substrate Roughness on the quality of Thin film Polycristalline Silicon Solar cells
Made by Aluminum-Induced-Crystallization. In: Thin solid films, January, 2006. Vol 511 – 512, p. 35-40.
31 GORDON, I, et al. Thin-Film Polycrystalline – Silicon Solar Cells on High Temperature Substrates by aluminium-Induced
Crystallization. In: 21st European Photovoltaic Solar Energy Conference. September, 2006, p. 992.
32 GORDON, I, et al., 8% Efficient Thin – Film Polycristalline – Silicon Solar Cells Based on Aluminum-InducedCrystallization and thermal CVD. In: Prog. Photovolt: Res. Appl. 2007; 15:575-586 DOI: 10.1002/pip
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quality in the seed layer, in addition, to obtain efficient pc-Si solar cells, the material
quality was optimized and the cell processes applied was different from those
applied for standard Si solar cells.
All the different processes developed in IMEC for thin film polycrystalline silicon
solar cells have been applied to seed layers with a thickness between 200 to 250
nm. The aim of this work is to decrease the thickness of the seed layer while
retaining the same properties as the standard seed layers. This should then lead to
solar cells with a higher current density by the reduction of useless light absorption
in the seed layers.
Ultra thin polycrystalline AIC layers had been researched by the Walter Schottky
Institut, Technische Universität in Munich. The researchers prepared ultrathin
polycrystalline silicon layers with thicknesses between 5 and 100 nm by AIC, the
layers were annealed at temperatures below 577C, the process dynamics,
structural and electronic properties were studied obtaining large-grained poly-Si
layers with thicknesses down to 10 nm and finding that the carrier concentration
and mobility show a strong thickness dependence, whereas the grain structure of
the poly-Si is only slightly inﬂuenced33.
1.4 PHOTOVOLTAICS IN COLOMBIA
In Colombia, there is not much research in this topic, but just to give a reference,
the beginnings of the research in this technology were in the 80´s when some
Physics students from Universidad Nacional de Colombia University started doing
some research in solar cells, , the project degree named ―Produccion de peliculas
delgadas de CuS para la fabricacion de celdas solares de Cu S CdS34‖ presented
the first results in this subject, after that, different things were developed around
the theme, for example, X-ray and microscopy were used to study the diffraction in
solar cells35, also, CdTe solar cells were developed36 and characterized by
measurements of thermo potency Beynor; during the last years, research has been

33 ANTESBERGER, T, et al. Structural and electronic properties of ultrathin polycrystalline Si layers on Glass Prepared by
Aluminum Induced layer exchange. In: Applied Physics Letters. 2007. Vol 91.

34 MEJIA, Helen. Produccion de peliculas delgadas de Cu S para la fabricación de celdas solares de Cu S CdS. Thesis.
Bogotá. Universidad Nacional de Colombia. Facultad de Física. 1988
35 CARDENAS, Enovidio. Estudio de difraccion de rayos-X y microscopia electronica de barrido en celdas solares de Cu S
C. Thesis. Bogotá. Universidad Nacional de Colombia. Facultad de Física. 1988
36 MENDEZ. Mguel. Desarrollo de celdas solares basadas en CdTe. Thesis. Bogotá. Universidad Nacional de Colombia.
Facultad de Física. 1999
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focused on the fabrication of thin films in different materials as such as CuInSe2 37,
CuIn1-xGaxSe238 and SnS39 to be used in solar cells and in the use of different
methods to characterize solar cells like Labview40.
In Universidad de la Salle University, the issue has been tackled by Electric
Engineer faculty; some thesis had been focused in the study of the viability of using
photovoltaic energy in different locations; Andrés Urrea made in 2006 a detailed
study of the performance of the photovoltaic system in Natural National Park
Tayrona in which he considered technical, social, economical and legal aspects to
make an analysis of this photovoltaic system41, one year later, Neveldirsson García
and Carlos Gómez made a documental analysis about the no conventional energy
sources development in Colombia, in which solar energy was considered and its
situation in Colombia42.
It is important to mention the work of Gerardo Gordillo, professor in Universidad
Nacional de Colombia University, director of a specialized research team
(Semiconductor materials and Solar Energy) that is considered one of the pioneers
in photovoltaics research in South America; have been working for 20 years in
fabrication and characterization of solar cells .

37 BOLAÑOS, Western. Preparación y caracterización de películas delgadas de CuInSe2. Thesis. Bogotá. Universidad
Nacional de Colombia. Facultad de Física. 2004.
38 SANCHEZ, Luis. Fabricación de películas delgadas de CuIn1-xGaxSe2 y cálculo de su coeficiente de absorción y brecha
de energía prohibida. Thesis. Bogotá. Universidad Nacional de Colombia. Facultad de Física. 2004.

39 CIFUENTES, María. Preparación de películas delgadas de SnS y estudio de sus propiedades ópticas y fases de
crecimiento. Thesis. Bogotá. Universidad Nacional de Colombia. Facultad de Física. 2006.

40 HERRERA, Oscar. Diseño de un sistema para caracterización de celdas solares empleando Labview. Thesis. Bogotá.
Universidad Nacional de Colombia. Facultad de Física. 2002.

41 URREA, Andrés. Estudio Del Desempeño Para El Sistema De Energía Solar Fotovoltaica En El Parque Nacional Natural
(Pnn) Tayrona De Colombia. Thesis. Bogotá. Universidad de la Salle. Facultad de Ingeniería.2006
42 GARCÍA, N. GÓMEZ, C. Análisis Documental Para El Prediagnóstico Del Plan Nacional De Desarrollo Para Fuentes No
Convencionales De Energía En El Ministerio De Minas Y Energía. Thesis. Bogotá. Universidad de la Salle. Facultad de
Administración de Empresas. 2007
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2. THEORICAL FRAMEWORK

2.1 PHOTOVOLTAIC TECHNOLOGIES
As mentioned above, solar cells are at the moment only competitive for niche
markets, however, different technologies had been developed and, some are well
established while others are still struggling for introduction into the market. The
dominant technologies that currently are in the market are based on the use of
crystalline silicon, amorphous silicon or CDTe
Crystalline Si: The dominant technology in the photovoltaic industry is bulk
crystalline Si, representing more than 80% of the photovoltaic module production.
The cells are produced by applying a process on high-purity. This type of solar
cells achieves high and stable energy conversion efficiencies.
Amorphous Silicon: Amorphous Si is a material which is deposited at low
temperature and which features short-range regularity without the long-range
periodicity present in a crystalline material. As amorphous Si is an efficient light
absorber, thin active layers (typically 1 µm) are sufficient, being a cheaper
alternative with a big potential, an intrinsic problem of a-Si:H cells is degradation
under illumination, however, efforts are in process to close the efficiency gap
between the highest stabilized efficiencies demonstrated on lab scale and
efficiencies achieved in production43.
Organic Solar Cells: Some solar cells are based on organic materials which are
very cheap when mass produced; several concepts for all-organic solar cells exist
and are actively being developed. The blend is designed to ensure a quick transfer
of photo-excited electrons throughout the active layer, while the difference in work
function provides the driving force for charge carrier extraction. This technology
has had a fast growth as result from the use of cell concepts which differ
fundamentally from the essentially planar homojunction and heterojunction
approaches prevailing in nowadays solar cells and relies strongly on the use of
nanoscale phases to increase carrier collection. Organic solar cells can offer a long
term cost reduction for the following reasons reasons44: (i)They are compatible with

43 RECH, B. WAGNER, H. Potential of amorphous silicon for solar cells. Potential of amorphous silicon for solar cells. In:
Applied Physics A: Materials Science & processing. August, 1999. Vol 69, Number 2. p. 155 – 167.

44 POORTMANS, Jeff. Abstract presentation: Organic solar Cells: first Large Scale Application of nanotechnology. In: First
International Nanotechnology Conference on Communication and Cooperation. 2005.
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low cost substrates like plastic foils, (ii)The amount of active material needed is
one or two orders of magnitude lower than for crystalline silicon. (iii)The cell and
module processing does not require high amount of energy and (iv), the up-scaling
production is possible if other technologies are used (e.g. Film casting or printing)
Thin Film compound solar cells: Other semiconductor materials are suitable for
terrestrial solar cells, those technologies are now in researching and pilot
production state. Namely CdTe solar cells and Cu(In,Ga)(Se,S) 2 (abbreviated to
CIGS) solar cells, this technology has been developed to address the difficulty that
silicon wafer-based technology has in reaching the very low costs required for
large scale photovoltaic applications as well as the perceived fundamental
difficulties with other thin-film technologies, the aim is to combine the advantages
of standard silicon wafer-based technology, namely ruggedness, durability, good
electronic properties and environmental soundness with the advantages of thinfilms, specifically low material use45. The general advantages of CdTe technology
are the ease of growth and the close to optimal band gap, and because of its
beneficial growth properties and simple basic structure, different deposition
methods with promising economy have been applied, general disadvantages of
CdTe are that the toxicity of Cd, Te and their chemical compounds used for the
preparation can be a source of contamination of the environment during
fabrication, operation, recycling and waste treatment. Other problem is the
instability of the PV materials caused by the reactivity of these elements.
2.2

THIN FILM POLYCRYSTALLINE SOLAR CELLS

An obvious way to reduce the costs of silicon cells is to fabricate them using thin
films deposited onto supporting substrates, the challenge is to obtain reasonable
performance from this approach; the work in this topic started in the 70‘s, but it did
not produce very promising results. At the end of the decade, a review of earlier
work concluded that it may be possible to fabricate 10% efficient polycrystalline
cells from 20 m thick material if the grain size exceeds 500 m.
With the development of a better understanding of the optical phenomena and
limits upon silicon voltage and efficiency in the early 80‘s, it became apparent that
much better performance was possible, in principle, from thin film silicon cells than
previously thought. This stimulated a reawakening of interest in polycrystalline thin
films which gathered momentum in the 1990‘s
Polysilicon is a fully crystalline semiconductor material that has a grain size
between 1m and 1mm; however, this range should be extended a little, taking
45 GREEN, M. BASORE, P. CHANG,

N. CLUGSTON, P. et al. Crystalline silicon on glass (CSG) thin-film solar cell

modules Solar Energy. Solar Energy. August, 2004. Vol. 77, Issue 6, p. 857-863.
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0.1m as the lower bound, because many relevant examples have grain sizes
smaller than 1m. In any case, the Polysilicon has much smaller grain sizes than
the standard material used for solar cells (multicrystalline silicon) and the grain
size is however much larger than for the material commonly called ―microcrystalline
silicon‖. The term ―thin film‖ refers to layers that have been deposited rather than
cast, from a melt or obtained through a layer transfer process. In general, the
thickness of the silicon film is lower than 30m, typically between 3 and 10 m46.
Some important reasons to develop this technology is that thin film polycrystalline
Si solar cells want to capitalize on the known advantages of traditional bulk solar
cells, the material is one of the most abundant elements on Earth and the
technology is therefore compatible with very large volume scenarios. The toxicity
has proved to be a major hurdle for some thin film technologies, but is not an issue
for silicon, but the most decisive advantage is the stability and the reliability of
crystalline Silicon modules.
Other question that has to answered is why to use thin film polycrystalline silicon
(rather than microcrystalline, multicrystalline or monocrystalline silicon). There is
still some uncertainty about which Si thin film material is best for this purpose, and
research is taking place in parallel because none of the approaches has appeared
as the solution. Among the various options polycrystalline silicon is less known and
may appear a bad choice at first sight because the film formation takes place at
high temperatures and it demands the use of a more heat resistant substrate, and
consequently, more expensive, however, despite of the pessimism of some people
about the use of this technology, there ar in fact several examples giving a lot of
hope for thin film Polysilicon, there is a good chance that it will be the first thin film
technology able to challenge the supremacy of bulk Si47.
2.3 SUBSTRATES USED IN THIN FILM POLYSILICON SOLAR CELLS.
CRITERIA FOR SELECTION
The Polysilicon solar cells have a very thin silicon layer which is not self-supporting
and therefore it is necessary to use a foreign substrate to provide mechanical
strength to the cell, for that reason the selection of the substrate to use in the thin
film Polysilicon solar cell is very important issue; the choice of the substrate
depends basically on the following criteria.

46 POORTMANS, J. Thin Film Materials for Solar cells‖, preface from the book ―Thin film solar cells‖ (ed. J. Poortmans and
V. Archipov), Wiley New York, ISBN 0 – 470 – 09126 – 6 (2006)

.

47 J POORTMANS, J. Thin Film Materials for Solar cells‖, preface from the book ―Thin film solar cells‖ (ed. J. Poortmans
and V. Archipov), Wiley New York, ISBN 0 – 470 – 09126 – 6 (2006).
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Cost: as thin film solar cells aim at cost reduction, this is the first criterion to
take into account because it is very important that the substrate be
industrially compatible and can be produced in large amounts at low cost.
Temperature the substrate can resist: the temperature has to be higher
than the maximum temperature in the cell production process.
Thermal Expansion Coefficient (TEC): it should be preferably be close to
that of crystalline Silicon (~4 X 10 -6 K-1), big differences can lead to
excessive stress, breakage and/or cracks, as a result of differential
extension or contraction while ramping the temperature up and down.
Transparency: can be required if a superstrate configuration is chosen
(where the light enters the device through the supporting substrate).
Presence of impurities in the material: because this can strongly reduce the
electronic quality of the deposited layer. However, layer contamination
does not only depend on the presence of impurities but also on the
chemical form they appear in the substrate and their ability to diffuse.
Conductivity: It is necessary if the purpose is to apply the traditional
structure of crystalline solar cells, where the base contact is at the back of
the substrate.

2.3.1 Materials used for substrates
Different materials and their properties are listed in Table 1, different materials can
be used, and all of them have different characteristics.








Soda lime glasses: Is an attractive option because it has the possibility to by
produced in mass, and with a large volume float process that delivers very
low cost per unit area , this material has been used as a standard material in
photovoltaic module production, for the front cover, and in this case the glass
most often has a low metallic impurities content and it is hardened, the
standard soda – lime – glass is already used as a softening point around 580
C. and consequently, this material can not withstand temperatures above
that.
Metal substrates: they are in principle, very cost effective, in addition, the fact
that the metals substrates are conductive, can be an advantage, on the other
hand, the TEC for metals is usually much larger that that of Si, and it can
create problems of cracks and breakage.
Borosilicate glass: is in many cases a very suitable substrate because it has
similar TEC to that of Si and it can rest temperatures up to 800C, and for
short times, this type of glass can even withstand temperatures above
900C. For those process who require temperatures above 1000C, some
special glasses can be used, so called ―high temperature glasses‖.
Alumina substrates: is a material widely used in the electronic packaging
industry and have many advantages, first of all, can be considered to be used
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with temperature processes above 1000C, it has good mechanical
characteristics and shows a large diffuse reflection, however, the TEC is twice
that of silicon.
Mullite: is a related ceramic material, which is formed as a solid state solution
of Al2O3 and SiO2 within a certain concentration ratio, it has similar optical
properties to alumina, but its TEC is much better matched to that of Si.
Graphite: is a common material consisting of parallel planes of C-atoms
arranged in a hexagonal form. This particular structure provides graphite with
some exceptional properties, which have led to its use in many different
applications including lubricants, refractories and electrical equipment. It is
prepared from C sources like metallurgical coke by the graphitization process
taking place at a very high temperature. Silicon carbide SiC is a refractory
polycrystalline material. Because of its exceptional hardness, it is often used
as an abrasive, but it is also a common material in all applications where
strength at elevated temperature is required, for instance inside gas turbines.
The most common production methods are sintering and reaction bonding of
SiC powders.

Table 1 Properties of substrate materials for thin film Polysilicon solar cells
sodahigh
borosilicate
stainless
mullite
material
limetemperature
glass
steel
ceramic
glass
glass
30-40
Price
of
Unknown for
(estimate
substrate
3-7
20-40
large
4-10
for large
(€/m2)
volumes
volumes)
Softening
~580
~820
~1000
> 1000
> 1460
point (°C)
TEC
8.6
3
3.8
12
3.5
(10-6 K-1)
Transparent

yes

yes

yes

no

no

Source: J. Poortmans ―Thin Film Materials for Solar cells‖. Adapted by author
2.4 THE SEED LAYER FORMATION
The polycrystalline silicon can be grown with different methods, each suited to the
needs of particular semiconductor device technologies, in the case of the thin
Polysilicon, films on foreign substrates can be grown by different techniques that
can be distinguished by the principle of the deposition process: Chemical Vapor
Deposition, Plasma Enhanced Chemical Vapor Deposition, Ion Assisted
Deposition, Liquid Phase Epitaxy and Solid Phase Crystallization of amorphous
silicon. For the researchers is a big challenge to obtain good layer a to make use of
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the high efficiency potential of Polysilicon solar cells, and it means to obtain the
grains as large as possible, the problem is that the resulting material is usually of
rather poor crystallographic quality, with very small grains, that is why an initial step
is often carried out to reach large grains (>10µm), for that, two different
approaches are followed: Nucleation control and the seed layer formation.
 Nucleation Control
The first step in the formation of a polycrystalline film on top a substrate is the
nucleation, followed by a phase in which the nuclei grow further until they form a
complete layer, in general, the larger the number of nuclei formed during
nucleation step, the smaller grain size in the final layer will be. On the other hand, if
the nucleus density is too low, the nuclei are too far from each other and it will take
an impractically long time to reach a complete layer, or total coalescence might not
be reached at all. In order to obtain an optimal layer, one can therefore attempt to
control nucleation in the early phase of crystallization or deposition process, aiming
at the nucleus density predicted to give the largest grain size in a continuous layer ,
the nucleation control can be in different forms according to the technique used to
the film formation,
 Seed Layer
In contrast with the nucleation control approach, the seed layer approach totally
decouples initial nucleation from the actual growth of the active layer. First the
seed layer is formed (thin continuous layer with large grains), this layer has a good
crystallographic quality, but is either too thin or too highly doped, or both to be used
as an active layer. Secondly, an epitaxial deposition is applied, in this process the
crystal structure of the seed layer is reproduced in the absorber layer.
The seed layer approach involves two different issues: achieving a good
crystallographic quality and depositing a layer with the required doping profile and
with an adequate growth rate. There are two different ways to make a seed layer
for thin film Polysilicon solar cells: Laser Crystallization and aluminum induced
crystallization (AIC).
 Laser Crystallization: is a compatible technique with cheap low temperature
substrates and provides a high electronic quality and excellent homogeneity
over larger areas, even on ordinary glass substrates, the idea is to generate
grains that serve as seeds for further lateral crystallization, the grain width has
been found to depend on the a-Si thickness, the laser power and the pulse
frequency, this technique is mainly applied on highly doped layers to create
seed layer for subsequent epitaxial deposition; The issues of this method are
that in case of a industrial application are throughput (scanning over the whole
device area with a narrow beam is usually slow) and maintenance costs,
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however, with constant progress in laser technology, these issues might be
successfully addressed.
 Metal Induced Crystallization: Some metals, such as Al. Ni or Pd are known to
affect the crystallization of amorphous silicon, lowering the crystallization
temperature and/or leading to larger grains. In the case of Ni, silicide
precipitates are formed at the initial stage of thermal annealing and act as the
sites for crystallization, the amorphous silicon layer is fully crystallized before the
start of random nucleation, achieving grain sizes >100 m, however, these
grains, contain many low angle subgraing boundaries and are heavily metal
contaminated, to avoid that contamination, aluminium is preferred because it
acts as an acceptor dopant in the silicon and it diffuses slowly in Si, the AIC
technique leads to a thin crystalline layer with a high Al concentration and is
based on the overall layer exchange of adjacent Si and Al films and
transformation of amorphous to polycrystalline Si during thermal annealing. The
Si and Al layers, each a few hundreds of nm thick. Are generally deposited by
evaporation, magnetron sputtering or PECVD. Importantly, a thin Al2O3
membrane should be formed between the two layers, this is usually done by
oxidation of the Al prior Si deposition, the Al and Si exchange is performed
during annealing at temperatures in the range 450-550 and for durations of 30
min to 2 hours. During the thermal treatment, the dissolved Si atoms crystallize
within the aluminium. The Si grain first grows in three dimensions until it reaches
the substrate and the membrane at the a-Si/Al interphase, then the grain grows
sideways until the end of the crystallization process. If right parameters are
chosen a continuous polycrystalline silicon layer is formed, some secondary
crystallites are formed in the top layer. The aluminium is removed by selective
etching after the AIC process is complete.
2.5 THE TECHNIQUES FOR THE ACTIVE LAYER FORMATION
CHEMICAL VAPOUR DEPOSITION
In CVD a solid material is deposited through a chemical reaction from gaseous
reactants and is widely used technique because it offers excellent dopant
concentration and thickness control. The starting product or ―precursor‖ for silicon
deposition is most often silane (SiH4) or a chlorinated compound such as
dichlorosilane (SiH2Cl2) or tricholorosilane (SiHCl3); depending on the precursor,
deposition takes place between 800 and 1200C.
Chemical vapour deposition is applied either as the second step in the seed layer
approach or as the only deposition technique to create the whole silicon structure.
As part of the seed layer approach, the use of CVD is relatively straightforward;
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however, most of the work on thermal CVD for thin film Polysilicon solar cells
involved direct depositions on foreign substrates.
PLASMA ENHANCED CHEMICAL VAPOUR DEPOSITION
This technique involves a gaseous precursor, but the energy required to break
chemical bonds is provided by a plasma, consequently the temperature required to
achieve a given growth rate can be lower than with thermal CVD. The high energy
electrons in the plasma collide with the gas molecules and dissociate them,
initiating the chemical reaction. Additionally the substrate surface structure can
change with the bombardment of positive ions from the plasma; this technique, as
the CVD, can be used in a seed layer approach and direct deposition.
As an epitaxial technique to thicken the seed layer, the mayor challenge is to get a
layer with a good quality and thickness, and the challenge is bigger when the
disposition is given at low temperatures due to the fact that bad quality layers are
obtained, however, researching in this topic is going on.
ION ASSISTED DEPOSITION
This technique is based on electron gun evaporation and subsequent partial
ionization of silicon; an applied voltage accelerates silicon ions towards the
substrate. Because of the energy supplied by the accelerated ions, the surface
mobility is enhanced. As a result the IAD technique enables epitaxial growth at
temperatures as low as 435C with high deposition rates up to 0.5m/min. In the
context of thin film Polysilicon solar cells, IAD has been applied to thicken AIC
seed layers formed on borosilicate glass at a substrate temperature of around
600C.
LIQUID PHASE EPITAXY
This technique consists of exposing the substrate to a metal solvent bath saturated
with Si and then lowering the temperature. As a result of super saturation, the
silicon is driven out of the solution and is deposited onto the substrate. Various
metal solvents like indium, gallium or aluminium are used and the process takes
place in the temperature range of 700 - 950C.
SOLID PHASE CRYSTALLIZATION
This is the most extensively studied method to obtain polysilycon and at the
moment the most successful at solar cell, the crystallization is done to the
amorphous silicon which can be deposited by PECVD, sputtering or simple
evaporation. The amorphous silicon, normally has a thickness between 1 and 3
m, and can either be undoped, moderately doped or highly doped, or consist of
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multiple layers with different doping levels. After deposition, the films are annealed
at temperatures between 550 and 700C for a long period of time. When the
temperature is high, a faster crystallization will be reached but the grain will be
smaller. Moreover, the intra grain quality is far from being perfect, featuring many
defects such as twins and dislocations. However, the quality of these layers can be
improved by post processing like defect annealing or hydrogen passivation, In
contrast with other types of Polysilicon. SPC material tends to show a <110>
preferential orientation, this has been attributed to the anisotropic rate of
crystallization.
SPC has several advantages compared with other film formation techniques
because it is simple and effective, requires low temperature process, produces a
relatively high quality active layer and is easy to scale. The disadvantages are the
very long cycle time and the difficulty to reach structurally excellent material quality
2.6 THE SOLAR CELL PROCESSING
Once, the active layer is formed, the solar cell is done on top of it, next, the general
procedure for this purpose is described.
2.6.1 The device structure
The devices for thin film Polysilicon have a similar structure to that of standard bulk
crystalline Si solar cells, in spite of the much thinner active layer. The collecting
structure is a p-n junction, with a highly doped side (the emitter) and a moderate or
lowly doped side (the base). A highly doped region is created at the back to act as
a back surface field, whose purpose is to facilitate the contacting and to induce a
field effect that tends to repel minority carriers from the rear surface, which is
important if the diffusion length approaches or exceeds the base thickness.
Thin film polycrystalline solar cells can be configured in two different ways, the
superstrate configuration, in which light enters the cell through the support onto
which the active layer has been deposited and substrate configuration is present
when the light enters through the other side. the superstrate configuration has few
advantages; if large enough, the superstrate can act as the module front cover,
apart from providing mechanical strength, this entails a major cost reduction in
module manufacturing as not additional front cover glass panel is required and
since one of the contacts are covering the layer, shadow losses are very low.
However, the superstrate configuration requires a more complicated cell process
and a transparent substrate
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2.6.2 The junction formation
The generation of current in a solar cell, known as the "light-generated current‖ is
given by the pn-junction; the pn-junction is formed by joining n-type (negatively
charged) and p-type (positively charged) semiconductor materials. Since the n-type
region has a high electron concentration and the p-type a high hole concentration,
electrons diffuse from the n-type side to the p-type side. Similarly, holes flow by
diffusion from the p-type side to the n-type side and when the electrons and holes
move to the other side of the junction, they leave behind exposed charges on
dopant atom sites, which are fixed in the crystal lattice and are unable to move. On
the n-type side, positive ion cores are exposed and in the p-type side, negative ion
cores are exposed and an electric field is formed between the positive ion cores in
the n-type material and negative ion cores in the p-type material.
To make possible the pn-junction, it is necessary to shift the balance of electrons
and holes in a silicon crystal lattice by "doping" it with other atoms. Atoms with one
more valence electron than silicon are used to produce "n-type" semiconductor
material, which adds electrons to the conduction band and hence increases the
number of electrons. Atoms with one less valence electron result in "p-type"
material.
2.6.3 Passivation of the defects
The Polysilicon has a lot of defects, both at grain boundaries and inside the grains.
It is of crucial importance to passivate these defects to reach high device
performance. Some of the defects can be annealed away with a short high
temperature treatment; however, the technique affects the doping profile of the
material. Defect passivation is usually achieved by introducing atomic hydrogen
into the material, the hydrogen atoms bind with dangling bonds at extended or
point defects, thereby removing energy states in the bandgap. The plasma
hydrogenation process is typically done at a temperature of 400C48, although,
studies indicate that passivation can be obtained at higher temperatures.
2.6.4 Isolation and contacting of the cell
Production processes of thin film polycrystalline solar cells start with the formation
of a film with the required structure and properties on a large area substrate.
Afterwards, this large film needs to be isolated into islands or segments, which
become separate cells. Once the separate cells have been isolated, they have to
48 CARNEL, Lode,

et al, Study of the hydrogenation Mechanism by Rapid Thermal Anneal of SiN:H in Thin Film

Polycrystalline – Silicon Solar Cells. In: IEEE Electronic Device Letters. 2006. Vol 27, Iss. 3, p. 163 – 165.
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be connected with each other in series; the positive polarity contacts of one cell are
connected with the negative polarity contacts of the next cell, and both may in fact
consist of one single strip of metal, bridging the isolation groove, the current flows
from one cell to the next in the cell string in a distributed way over the whole length
of the cell segments. large contacts are only needed at the two ends of the module
(left if the first and right of the last cell). This greatly simplifies the module
manufacturing and is a major advantage compared to traditional module
production, where carrying very large currents from one cell to the other without
excessive series resistance losses is a major issue.
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3. METHODOLOGY
This chapter describes in detail the methodology followed during the project
execution and presents the different procedures, tools, techniques and
technologies used in every stage of the research. The methodology is highly
detailed taking into account that new technologies were used.
First, the methodologies for seed layer thickness reduction are described by
following two different routes; subsequently, the different technologies used for
testing and measurement of the seed layer quality are presented; later, the detailed
procedure followed to prepare solar cells based on the ultrathin seed layer
developed is tackled and finally, the technique used for measurement of solar
cell´s parameters is briefly explained.
This section also describes the methodology used for the atmospheric emissions
reduction by the use of solar cells.
3.1 METHODOLOGIES FOR REDUCTION OF THE SEED LAYER THICKNESS
Before explaining the methodologies for reduction of the seed layer thickness it is
necessary to describe the general process to prepare the aluminium induced
crystallization seed layers
3.1.1 Seed layer preparation (aluminium induced crystallization)
The polycrystalline silicon seed layer is the result of a succession of processes in
which, different parameters have to be considered and different technologies are
used, next, each one of these processes is described in detail:
i.

Deposition of aluminium and amorphous silicon on the substrate

The preparation of the seed layers started with the deposition of a film of
aluminium on the substrate, as it was described, different substrates can be used
to deposit polycrystalline silicon, for this work, two substrates were taken into
account: oxidized silicon wafers and alumina ceramics. Oxidized silicon wafers
were used as a model for a foreign substrate. They are obtained by wet oxidation
of a monocrystalline silicon wafer (―reclaim wafer‖). The oxide layers are typically
around 1.2 µm thick. They are not considered as suitable for industrial production,
since they are expensive bulk silicon wafers. However for practical reasons they
can be used to optimize some processes, after the optimization, the processes
were then used further for solar cells on a less expensive substrate: alumina which
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is considered as economically viable. Important characteristics are listed in table
(Table 2)
Table 2 Characteristics of Silicon and Alumina substrates
Material
Silicon
Alumina

Softening
Thermal expansion coefficients (K-1)
Point
@ 577 ºC
-4.2×10-6
> 1460
7.5×10-6
Source: PhD Lode Carnel. p 14

Before starting with the solar cell process, the substrates had to be cleaned to
remove all the organic and metallic compounds on the surface. The cleaning
consist in three steps of ten minutes separated by water rinsing, 30s HF (2%)
dipping to remove the oxides, and another water rinsing. In the first step the
samples are immersed in an IMEC-clean solution (H2SO4/H2O2: 4/1) to oxidize the
organic contaminants. In the second step, a more thorough RCA1 cleaning
(NH4OH/H2O2/H2O: 1/1/5 at 80 ºC) is done to remove the remaining organic
impurities, and in the final step an RCA2 cleaning (HCl/H 2O2/H2O: 1/1/5 at 80 ºC)
follows to remove the metallic impurities from the surface.
When ceramic substrates were used, it was necessary to add an additional step
after the cleaning, due to the roughness of the material, it had been established
that this issue has a large effect on all aspects of the polycrystalline solar cell
process because it leads to smaller grains and the presence of islands, in previous
investigations it was demonstrated that the reduction of the roughness by the
deposition of a flowable oxide (FOx) leads to a better AIC layers and improves the
performance of the solar cell49. The alumina substrates for example, have a root
mean square (RMS) roughness of around 130 nm. After coverage of the substrates
with the oxide, the roughness decreases to 45 nm. Figure 8 clearly shows the
smoothening effect of the oxide on the substrate surface. This process was not
necessary for Oxidized silicon substrate, because those substrates offer a good
smoothness.After the substrate cleaning and smoothing (if necessary), the double
layers of Aluminium and amorphous silicon were deposited on the substrate in an
electron – beam high – vacuum – evaporator.

49 GESTEL, Dries Van, et al. Influence of Substrate Roughness on the Quality of Thin Film Polycrystalline Silicon Solar
Cells Made by aluminum – Induced Crystallization. In: Proceedings of 15th PVSEC. 2005, pp.853 – 854.
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Figure 8 Cross section SEM picture illustrating the smoothening effect of the oxide
layer on the surface roughness of the alumina substrates50

Source: Ivan Gordon
The electron – beam high – vacuum – evaporator is a type of physical vapour
deposition tool that was used to coat the surface of the sample, the coating method
involves purely physical processes. Different metals can be deposited using this
system, including Silicon and Aluminium. Once the sample is loaded and the
chamber is closed, the chamber is pumped down to a very low pressure around
1x10-6 mbar; a tungsten filament inside the electron beam is heated, when the
filament is hot enough, it starts to emit electrons which form a beam that is
deflected and accelerated toward and focused on the material to be evaporated
(target) by means of a magnetic or electric fields. When the electron beam reaches
the surface of the target, the kinetic energy is then transformed by the impact into
thermal energy and the material starts to be evaporated. The energy level
achieved in this manner is quite high, often more than several million watts per
square inch. Due to the intensity of the heat generated by the electron beam, the
target holder must be water cooled to prevent it for melting.
The deflecting/focusing apparatus is designed using permanent magnets or
electromagnets to create a field that can shape and direct the path of electrons.
This is important because the electrons are emitted in a random manner and must
be directed to the very small area where the evaporation will occur. A magnetic
field is used since it can attract or repel the negatively charged electrons; lenses or
other mechanical focusing devices would not be effective and subject to the
heating process themselves. The Figure 9 shows the chamber of the electron –
beam high – vacuum – evaporator

50 GORDON, Ivan. et al. 8% Efficient Thin Film Polycrystalline – Silicon solar Cells Based o Aluminum – Induced
Crystallization and thermal CVD. In: Prog. Photovolt.2007 , Vol. 15.
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Figure 9 Electron Beam high vacuum evaporator at IMEC

Substrate holder

Target

Source: The author
In between the deposition of Aluminium and amorphous silicon, the Aluminium was
oxidized (air exposure at room temperature) before the deposition of amorphous
silicon on top of it. The presence of the oxide film, due to its chemical stability,
forces the grains that nucleated in the aluminium layer to grow within this layer 51.
The metal is in the meantime pushed to the top, exchanging with the silicon being
supplied for grain growth. This sort of barrier limiting extension of the grains in the
vertical direction is the crucial element in the process, and it keeps its position
between the layers even after annealing, when Si and Al have switched positions.
The influence of this oxide layer between the Aluminium and de amorphous silicon
had been investigated and it was found that the formation of a continuous
Polysilicon layer is slower when the amorphous silicon film is deposited on top of
an Aluminium layer than vice versa, the investigation demonstrated also that a
thicker Al oxide interface layer, due to the exposure time during subsequent
depositions, results in a lower number of Si grains per unit area, leading to large,
still mainly isolated grains. On the other hand, a thinner Al oxide layer, due to
immediate sample transfer between the depositions, results in a Si network formed
by a greater number of small Si grains52.
ii. Annealing – Induced crystallization
The next step consists of a simple annealing at temperatures around 500C in a
furnace under dry N2 ambient for annealing times from 4 to 8 hours, lower
51 ORNAGHI, C, et al. Thin Film polycrystalline silicon solar cell on ceramics with a seeding layer formed via aluminum –
induced - crystallization of amorphous silicon. In: IEE Proc.-Circuits Devices Syst. August, 2003. Vol. 150, No. 4.
52 NAST, Oliver, et al. Influence of interface and Al structure on layer exchange during aluminum induced crystallization of
amorphous silicon. In: Journal Of Applied Physics. July, 2000. Vol 55, Number 2.
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temperatures would lead in longer annealing times, which are not likely to be
suitable for device fabrication53. The annealing process is a very important step in
the formation of the seed layer, many parameters have a crucial influence in the
crystallographic quality of the layer and those parameters are still under
investigation. During the annealing, the Aluminium and Silicon layers exchange
their position and the initial amorphous silicon is transformed into polycrystalline
Silicon54.
iii. Aluminium Removal
Finally, the top Al layer is removed by selective wet chemical etching using
H3PO4/H2O/CH3COOH/HNO3 solution with a 16:2:1:1 ratio. In Figure 10 is
represented the preparation of the polycrystalline seed layer. Despite of the
potential crystallographic quality of the seed layer, this is either too thin or too
highly doped, or both to be used as an active layer, IMEC, therefore uses High –
temperature CVD to deposit epitaxial absorber layers on the AIC films, the epitaxial
quality is very good since the seed layer cannot be distinguished from the epitaxial
layer and the crystallographic orientations of the AIC layers are completely
reproduced in the epitaxial layer55, for that reason is very important to ensure a
good quality of the seed layer, however, the quality is diminished because some
secondary crystallites (islands) are formed on the Polysilicon seed layer (Figure
10); the islands are undesirable because their presence on the surface of the AIC
layers has a negative effect on Epitaxy and/or will limit a further improvement of the
absorber layer quality. Most Si islands have different orientation compared to the
underlying seed layer which can give rise to extra grain boundaries in the absorber
layer. Furthermore, the presence of Si islands makes the starting surface quite
rough, which is known to be detrimental for the quality of the Epitaxy56.
Therefore an improved layer quality is expected when the islands are removed
from the surface of the AIC layer prior epitaxy; they can be removed by chemical
mechanical polishing, high temperature ultrasonic phosphoric acid treatment that
causes a lift off of the remaining aluminium oxide layer or plasma etching, which is
the technique used in this work to remove the islands.

53 NAST, Oliver, et al. Influence of the layer exchange mechanism in the formation of polycrystalline silicon by aluminium –
induced crystallization. In: Journal Of Applied Physics. July, 2000. Vol 88, Number 1.
54 ANTERSBERGER, T et al. Structural and electronic properties of ultrathin polycrystalline Si layers on glass prepared by
aluminium – induced – layer exchange. In: Applied Physics Letters. November, 2007. Vol.91
55 BEAUCARNE, G, et al. Aluminium Induced Crystallization of Silicon on High Temperature Substrates for Thin – Film
Crystalline Silicon Solar Cells. In: Proceedings of the 19th European Photovoltaic Solar Energy Conference. June, 2004. p
467
56 BEAUCARNE, G. Slaoui, A.Thin Film Polycrystalline Silicon Solar Cells‖, from the book ―Thin film Solar cells‖ (ed. J.
Poortmans and V. Archipov), Wiley New York, ISBN 0 – 470 – 09126 – 6, pp. 97 – 131 (2006)
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Figure 10
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Source: The author
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iv.

Reactive Ion etching (RIE)

The plasma etching of polycrystalline silicon is done on a reactive ion etching (RIE)
that uses chemically reactive plasma generated under vacuum by applying a
strong radio frequency (RF) electromagnetic field to the wafer platter. The field is
typically set to a frequency of 13.56 megahertz, applied at a few hundred watts.
The basis of plasma assisted etching is simple; use a gas glow discharge to
dissociate and ionizate relatively stable molecules forming chemically reactive and
ionic species and choose the chemistry such that these species and choose the
chemistry such that thiese species react with the solid to be etched to form volatile
products; seven processes take place in RIE: generation, bias formation, diffusion/
forced convention, adsorption, reaction, desorption and exhaust57.
After annealing of the Al and Si, secondary silicon crystallites are embedded in the
Al layer; because almost all Si islands have the same thickness as the Al layer, the
Si islands are visible as inclusions in the Al layer (Figure 11). Ideally, secondary
crystallite – free AIC layers could be obtained if the layers were exposed to a
process that would remove silicon and aluminium at the same time in a controlled
way, right down to the seed layer surface. Other processes that homogeneously
remove silicon faster than aluminium at a controlled rate can however also be used
to selectively remove all the islands that stick out from the Al layer that acts as a
perfectly aligned mask. Another possibility is to first down the aluminium layer
before selective silicon island removal to be able to also remove the thinner islands
that do not stick through the Al layer. After selective removal of the silicon islands,
the aluminium layer is etched, resulting in an island free pc – Si AIC seed layer
(Figure 11)
Now, that the general process for seed layer formation is explained, next, the two
routes taken into account for seed layer thinning down are described; In the first
route, various thickness stacks of Al/a-Si were deposited on the substrate (in
electron beam high vacuum evaporator) and then crystallized. In the second route,
a thicker pc-Si layers is crystallized by AIC and then etched to the required
thickness. The methodology followed for each of these routes is discussed in
detailed

57 JANSEN, Henri, et al. A survay on the reactive ion etching of silicon in microtechnology. In: J. Micromech.
Microeng.6.1996.
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Figure 11 Optical microscope images of a seed layer on oxidized silicon substrate
during island etching with RIE (a) Seed layer after annealing, the Si islands are
visible as inclusions in the Al layer; (b) Seed layer just after selective island etching
with RIE, the Al layer acts as mask; (c) Seed layer after aluminium removal, the
etched islands can be distinguished (d) SEM image of the seed layer after
aluminium removal, the etched islands can be distinguished.
3.1.2 First route: thickness reduction before aic (beam high vacuum evaporator)
An obvious and simple way to control the thickness of the seed layer is
programming the electron beam vacuum evaporator to make the deposition of the
silicon and the aluminium at the desired thicknesses, the tool allows to deposit the
silicon and the aluminium on the substrate with several values of thickness of
silicon and aluminium at different ratios Si:Al. The Al/a-Si stack is deposited with
various thicknesses ranging from 200 to 50 nm in the steps of 25 nm difference, for
each case, the layer homogeneity is checked in the optical and scanning electron
microscope in order to determine the minimal thicknesses in which it is possible to
obtain the AIC, subsequently, the ratio of the stack is also considered for the
morphology of crystallization process. Hence, for thinner stacks, the thickness ratio
Al:Si are modified to 1:1.3m 1:1.5, 1:1.7 and 1:1.9 in order to obtain uniform and
thin seed layers, the best ratio Al:Si is considered to prepare the ultrathin seed
layers on alumina substrate in which solar cells are developed.
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3.1.3 Second route: thickness reduction after AIC with Reactive Ion Etching
The second route uses the same technology described in 3.1.1iv by which it is
possible to make the polycrystalline silicon layer thinner, this technique has been
used before with good results applied to CMOS and MEMS technologies 58. The pcSi seed layer is prepared as standard (230 nm), then the silicon islands in top of it
are etched by RIE, the exposition time to the plasma is optimized in order to obtain
uniform layers with no presence of Si islands (see section 3.1.1iv). As it was
described, RIE technique consists in the chemical etching of the polysilicon using
SF6 plasma under vacuum conditions; when the islands and the aluminium are
removed, the samples are exposed to the plasma created under the chamber (see
Figure 12 ) and the polysilicon is uniformly etched, the final thickness of the seed
layer will depend on the exposure time. Different exposure times are considered
and layer homogeneity is checked for al the cases with optical an scanning
electron microscopy in order to determine the best time exposition to get seed
layer as thin as possible while keeping good quality.
Figure 12 RIE chamber at IMEC

Source: The author
3.2 METHODOLOGIES FOR TESTING AND MEASUREMENT OF THE SEED
LAYER QUALITY.
After the preparation of the seed layer, it is necessary to verify the quality of the
seed layer, it means, to observe the homogeneity of the polysilicon layer, and
check the presence of holes or islands; all the samples must be observed by an
optical microscope and after, by an scanning electron microscope, in which it is
possible to see more details of the seed layer´s quality. These processes are very
important to take the decision to grow the absorbent layer, taking into account that
a good absorbent layer´s quality, depends on a good seed layer´s quality. Other
58 Nunes, A et al. Plasma etching of polycristalline silicon using thinning technology for application in CMOS and MEMS
Technologies. In: Journal Integrated Circuits and Systems. 2007. Vol 2, p. 74 – 80.
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technique that is used is the four probe resistivity tool. Which will give an indirect
measurement of light absorption in the seed layer.
3.2.1 Optical microscopy
The optical microscope (
Figure 13) uses the visible light to create an augmented image of the object, the
optical microscope used for this work is a composed microscope, because it has
various lenses to get augments of the object until 100 times. This microscope
consists in two systems of lenses, the objective and the ocular, which are placed in
the opposite side of a close tube. The objective is composed of various lenses that
create and augmented image of the object, these lenses are disposed in such a
way that the objective is placed in the ocular´s focal point. When it is observed
through the ocular, it is possible to see an augmented image of the real image. The
total augment of the microscope depends on the focal distances of the two
systems of lenses.
The microscope is also provided with a camera with a high resolution which makes
possible to photograph the objects observed with the microscope. The camera is
placed just above the ocular, and uses a computer with a specialized software in
which it is possible to make measurements and analysis to the augmented image
of the object.
The optical microscope allows to see some details in the polysilicon layer and it is
possible to have an approximation for the determination of the seed layer´s quality;
even thought, the optical microscope gives only bidimensional images, holes and
islands are easily identifiable(Figure 14), this analysis is quite important because is
an easy and fast way to reject the most defective samples, taking into account that
not all the samples must be seen with the Scanning Electron Microscope (SEM)
because this machine is highly demanded and because the analysis takes more
time due to the complexity of the use
Figure 13 Optical Microscope at IMEC
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Source: The author
Figure 14 Seed layer observed by the optical microscope, it is possible to identify
holes and islands

Hole

Island

Source: the author
3.2.2 Scanning electron microscopy
The SEM is an electronic microscope that images the sample surface by scanning
it with a high-energy beam of electrons in a raster scan pattern. The electrons
interact with the atoms that make up the sample producing signals that contain
information about the sample's surface topography. The electron beam is
thermionically emitted from an electron gun fitted with a tungsten filament cathode.
It is possible to see the augmented image because the microscope is provided with
magnetic lenses that create magnetic fields that direct and focus the electronbeam. The vacuum system is an important part of the microscope owing to the
deviation of the electrons by the air, for that reason, in the interior of the
microscope; the vacuum must be quite high. All the images are registered and
shown by specialized software that allows making measurements and analysis to
the sample (Figure 15).
One of the advantages of this kind of microscope is that the sample can be placed
without many preparations, and produces realistic three-dimension images of the
object´s surface and a lot of details can be observed; this analysis allows placing
the sample with a certain inclination angle, it makes possible to measure the height
of the seed layer and the islands, and it is done for those samples that according to
the optical microscope present a better quality; this machine provides a very good
approximation of the quality of the seed layer and it is the most important
instrument to decide to proceed with the growth of the absorbent layer.
Figure 15 Scanning Electron Microscope at IMEC
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Source: the author
3.2.1 Four point resistivity
Resistance has become a popular parameter in characterizing films, coatings and
semiconductor wafers. One reason for this is that resistance is a convenient link
between the physical characteristics of a surface and its electrical characteristics.
In the simplest form, resistance is the ratio between voltage and current or the
product of resistivity and geometry. It is often useful to associate layer thickness t
with resistivity r, in characterizing a surface. This is because the thickness is often
uniform across the entire surface while the length and width are geometric factors
that can be varied.
Four point measurements consist in determine the current and the voltage that can
pass through the surface, by using four contacts, two for the current and two for the
voltage, the use of two additional contacts reduces the measurement error (Figure
17).
This technique can be useful for this work taking into account that higher sheet
resistance means less conductivity, lower doping or metal impurity and indirectly,
less light absorption; consequently, by knowing the sheet resistance it is possible
to determine if light absorption in the seed layer decreases, which is one of the
main aims of the research.
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Figure 16 SEM pictures

Source: The author

Figure 17 Four point resistivity measurement

Source: Veeco instruments

3.3 METHODOLOGY FOR PREPARATION OF THE THIN FILM POLYSILICON
SOLAR CELLS
One of the main targets of the development of Solar Cells based on thin Polysilicon
layers is the potential reduction of costs. At the moment, different technologies are
being applied to create the Polysilicon thin film layer; those technologies can be
classified according with the processing temperature.
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The technology presented in this work, tries two combine the advantages of both
temperature regimes by using an intermediate temperature (500 - 1000) to deposit
the layers on cheap substrates, the production of polysilicon solar cells presented
here can be summarized in a generic flow chart (Chart 1)
Chart 1 Basic procedure for preparation thin film silicon solar cells
SUBSTRATE
AIC SEED LAYER
GROWTH ABSORBER LAYER
PASSIVATION
PN - JUNCTION FORMATION
TEXTURING
CONTACTING

Source: The author
After following the methodology, the seed layers prepared on alumina are
submitted to the solar cell processing which is described as follows:
3.3.1 Process for growth absorbent layer
After the seed layer formation, the samples were epitaxially thickened by Low
Pressure Chemical Vapour Deposition (LPCVD) to deposit the absorber layer on
top of the seed layer, during the growth; the grain structure of the AIC seed layer
was copied into the final absorber layer and an early columnar structure is
obtained. The grain size of the final polysilicon layer normally equals the grain size
of the seed layer; this varies in the range of 5 – 10 µm.
The Chemical Vapour Deposition consist in obtaining a high-purity, highperformance solid material by a chemical reaction from gaseous reactants; the
substrate is exposed to one or more volatile precursors, which react and/or
decompose on the substrate surface to produce the desired deposit. The process
is given at high temperatures and the introduced gases; through a complex
sequence of gas phase and surface processes form a layer of polycrystalline
silicon. The depositions occur at low pressure and temperatures around the
1000°C using silane SiH4 as a precursor gas, which is an attractive material to be
used with ceramic substrates, because avoids corrosion and increases the growth
rate at lower deposition temperatures. Since a CVD process involves chemical
reactions, the use of chemical reaction equations is a good way to describe the
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growth of epitaxial layers, the over-all reaction for silicon epitaxy by silane reaction
(Equation 1) may be written as follows:
Equation 2 reaction for silicon epitaxy by silane

SiH4 → Si + 2H2
It must be pointed out, that this reaction does not provide a complete picture of
what really transpires during the CVD process, especially with regard to how the
gas phase reactants really interact or how the epitaxial species are being adsorbed
on the substrate surface.
For this work, the LPCVD system used is a commercial reactor named POE 603
#022 LPCVD (Figure 18) from ATV Technologie GmbH, 85591 Vaterstetten,
Germany and it is used in combination with WinATVnt Version 3.00.0109 operating
software. It is able to operate at low pressures till 1x10 -2 mbar and a maximum
temperature of 1000°C.
Figure 18 The assembly of the POE 603 #022 LPCVD as used in experiments

Source: IMEC
The LPCVD consists out of Quartz handling device for the Quartz insert,
which is used at reaction chamber and allows to easily remove the Si material
deposited in the hot walls, the funnel, which is directly connected to the
exhaust, the injector to inject operating gas mixture and the Quartz carrier for a
silicon carrier wafer and the process wafer on top. This whole arrangement is
placed inside of a Quartz tube, as shown in Figure 1Figure 19. The injector is
adapted as to minimise the unwanted deposition within the injector itself which
would result in clogging. The reactor is based on a lamp-heated where the lamp
radiation is shifted to longer wavelengths by means of a thin metal foil. This allows
to combine good temperature uniformity and to keep the thermal mass of the
system relatively low which in turn guarantees a large thermal cooling flexibility.
The Si material which is deposited in the hot walls can be easily removed by using
a quartz insert system.
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Figure 19 Schema of assembly of the hot wall LPCVD

Source: IMEC
3.3.2 The p-n junction formation (emitter formation on polysilicon layers
The generation of current in a solar cell, known as the "light-generated current‖ is
given by the pn-junction that is formed by joining n-type (negatively charged) and
p-type (positively charged) semiconductor materials. To make this possible, it is
necessary to shift the balance of electrons and holes in a silicon crystal lattice by
"doping" it with other atoms, the positively charged material (p layer) to make
possible the pn-junction is prepared during the epitaxial growth. The dopant used is
boron in the form of diborane B2H6, the boron is a chemical element which has
three valence electrons (it is located in the Group III in the periodic table),
consequently, when an atom of boron makes part of the crystal configuration, the
result is a deficit of electrons (taking into account that the silicon is in group IV of
the periodic table and four valence electrons) which means, positive charge of the
material
The p-type doping density is typically chosen in the range of 10 16 – 1017 cm-3,
(which means that there are 1016 – 1017 ions per cubic centimeter) and the
thickness of the layer varies from 0 to 6 µm.
Additionally, when an active layer is made for solar cell application, it is required
that a thin highly doped p+ layer is grown as a Back Surface Field (BSF) to limit
minority carrier recombination at the back surface. The BSF layer typically has a
typical doping density of around 2×1019 cm-3 and its thickness varies between 0
and 5 µm. At this point, the schematic structure of the thin film polycrystalline layer
can be seen in Figure 20
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Figure 20 p-doped layer in polysilicon solar cells
p-type Si

p+ BSF
AIC seed layer
Substrate

Source: the author
To complete the pn-junction, the next step is the creation of a highly doped n +emitter on top of the p-type absorber layer to complete the junction: a highly doped
n+ emitter on top of the p+ type absorber layer. In most of the cases the technique
used to obtain the emitter consists in the diffusion of phosphorus as donor dopant.
The emitter induces an internal electric field that separates minority and majority
carriers generated mainly in the absorber layer. The positive charge of this layer is
obtained due to the use of a dopant – element from the group V of the periodic
table (e.g. Phosphorous), whose atoms make part of the crystal configuration, the
result is an excess of electrons (taking into account that the silicon is in group IV of
the periodic table and four valence electrons) which means, negative charge of the
material, the figure below shows the n-doped and p-doped silicon (Figure 21).
Different methods can be used for the formation of the emitter: emitter formation Insitu in the CVD System, homojunction emitter and heterojunction emitter; for this
work, heterojunction emitter was used.
The main reason by which heterojunction emitter was used is that Voc values
obtained with Homojunction emitters compared to heterojunction are lower 59, a
possible explanation for that is the preferential diffusion of phosphorous along the
grain boundaries during Homojunction formation (causing the dopant spikes
already mentioned) that leads to an effective junction area quite large with respect
the cell area, while no such preferential diffusion of dopants can occur during
heterojunction formation. Is a preferred technique to be used for emitter on
polycrystalline silicon, this is also the technique used for this work.

59 GORDON, Ivan. et al. 8% Efficient Thin Film Polycristalline – Silicon Solar Cells based on Aluminum – Induced
Crystallization and thermal CVD. In: Prog. Photovolt: Res. Appl. 2007. Issue 15, p 575 – 586
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Figure 21 Diagram of positively and negatively doped silicon

Source: Martin Green

The heterojunction processing involves a lower thermal budget than the
homojunction leading to a different process scheme for polysilicon solar cells, the
main reason for the different process is the stability of the passivation, for a
homojunction, the defect passivation step is carried out after the P-diffusion, while
for a heterojunction is before the amorphous silicon deposition (Figure 22).
Figure 22 Emitter formation by heterojunction or homojunction processing

Source: IMEC
The process of the heterojunction emitter started with the cleaning of the samples
(IMEC solution), then, the layers were passivated (at temperatures around 400C)
and subsequently an n+ -doped a-Si:H layer was deposited (at temperatures below
200C). Passivations and emitter formation were done in the same system:
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PECVD (Plasma Enhanced Chemical Vapour Deposition) (Figure 23) Just before
loading, the samples got an HF dip (2%) to remove the native oxide resulting in a
hydrophobic polysilicon surface.

Figure 23 Schematic illustration of the PECVD chamber based on the Oxford
Plasma Technologies Plasmalab 100 system60 - 61

Source: IMEC
The PECVD system consists of two parallel plates that form a capacitor.
Underneath the grounded bottom plate there is a graphite heating system
controlling the temperature of the samples lying on top of it. The top plate is
connected to an RF-source (13.56 MHz) and develops a negative potential during
the plasma because of the high mobility of the electrons compared to the ions. For
a similar reason the bottom plate develops a lower potential than the plasma,
leading to ion bombardement and plasma damage of the sample surface. The
processing gasses are introduced through openings in the top plate. Initially, all the
gases the free electrons present in the gas will be accelerated, while at the same
time the much heavier ions will be relatively unaffected. Collisions of the high60 http://www.oxfordplasma.de/systems/100ll.htm
61 POSTHUMA, Niels. Highly efficient thin germanium bottom cells for mechanically stacked photovoltaic devices‖, [Ph.D.
Thesis], Katholieke Universiteit Leuven; 2006.
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energetic electrons with the gas species results in excitation and ionisation that will
result in more electrons, which are subsequently again accelerated. This results in
steady state glow discharge. The inelastic collisions between high energetic
electrons and gas species result in highly reactive species such as excited neutrals
and free radicals, as well as ions and more electrons. The reactive species
undergo similar processes as in the case of thermally-driven CVD. This plasma
process occurs simultaneously with the thermal process, but is dominating the
layer growth. This exactly is the basis of the biggest advantage of PECVD, the
higher growth rate at a lower temperature.
During the deposition of the emitter, the chamber was pumped down and the
temperature was stabilized during 10 minutes. Then SiH4 (100 sccm) was
introduced and the gas flow is stabilized during another minute. After this
conditioning of the chamber and the samples, the plasma was ignited at 37
mW/cm2, and the power was lowered to the deposition power which is in the range
of 15 to 25 mW/cm2. When the intrinsic layer was deposited, the power is switched
off and 100 sccm of diluted phosphine (1% PH3 in H2) is added to the gasflow to
deposit the n+ a-Si:H layer using the same plasma sequence as for the a-Si:H
layer.
The last step of the heterojunction process is contacting the pn-structure. For the
emitter contacts, no openings through the ARC are required in case of the
heterojunction since the TCO provides a good conductivity. Here, a simple shadow
mask evaporation of Ti-Pd-Ag fingers can be used instead of the lithography steps
needed for the homojunction front contacting. The cells (1 cm 2) are isolated by
removing the ITO using HCl/H2O etching and the a-Si:H using a short etch in a
polyetch solution. Finally, the complete structure is annealed to sinter the contacts.
The annealing temperatures are lower than for the homojunction (400 °C) to avoid
a modification of the a-Si:H layer. The contacting is detailed in section 3.5
3.3.3 Passivation of polysilicon layers
Polysilicon layers contain a large number of defects; most of them are present at
the grain boundaries and are identified as silicon dangling bonds which are Si
atoms not tetrahedrally coordinated resulting in unpaired electrons. This introduces
a defect level in the band gap giving rise to a large recombination current.
Efficiencies are still well below those achieved for bulk silicon solar cells, mainly
due to the large number of defects both at the grain boundaries and in the grain
itself62. To passivate these defects, hydrogen is introduced into the layers.

62 Van GESTEL, Dries Van. et al. Electrical Activity of Intragrain defects in polycrystalline silicon layers obtained by
aluminum – induced crystallization and epitaxy. In: Appl. Phys. Lett. February, 2007. Vol 90, issue 9, p 092103 – 092103-3.
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The principle of the technique is introduce foreign atoms in the layer which bind to
the dangling bond and in this way the donor and acceptor states associated with
the defect are removed from the band gap (Figure 24) (i.e. passivation of the
defect). Hydrogen is the element used due to its fast diffusion in silicon because of
its small size and its effectiveness in the reduction of Si dangling bonds has been
already demonstrated for polysilicon layers63.
It is demonstrated also that hydrogen passivation leads to a boost in cell
performance for both hetero- and homojunction emitter; there are different
techniques to passivate polysilicon layers by hydrogenation: Direct Plasma
Hydrogenation, Remote Plasma Hydrogenation and a-SiNx:H hydrogenation, for
this work, the passivation technique used is Direct Plasma Hydrogenation;

Figure 24 The silicon crystal is passivated, the white atoms are hydrogen atoms
bonded to the surface terminating the dangling bonds

Source: The author
The passivation process is done in a PECVD-system (Plasma Enhanced Chemical
Vapour Deposition), the same used for heterojunction emitter formation. Just
before loading, the samples were dipped in an HF-solution (2%) to remove the
native oxide. This oxide layer prevents the H-atoms to penetrate in the layer and
might lead to a bad passivation. After loading of samples, the system was
evacuated and the temperature was stabilized for 10 minutes in flowing hydrogen.
The plasma is ignited at 77 mW/cm2 and 2 Torr after which the power and the
pressure are immediately lowered to 62 mW/cm 2 and 1 Torr. The hydrogenation
temperature was around 400 °C at which the hydrogen is relatively mobile. To
avoid too much out-diffusion of hydrogen during sample unloading, the layers were
cooled down in the system while keeping the plasma on. After cooling down, the
plasma was switched off and the samples unloaded. In this setup, the samples are
lying in the plasma on top of an electrode and hence they are bombarded by
hydrogen ions.
63 NICKEL, N. et al. .Influence of hydrogen and oxygen plasma treatments on grain-boundary defects in polycrystalline
silicon. In: Appl. Phys. Lett. October, 1994. Vol. 65. p 3099 – 310.
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3.3.4 Contacting of the solar cell
The final step in the thin film solar cell processing was the contacting of the n-type
layer with the p-type layer to extract current from and to apply a forward bias
across the photovoltaic device. Since insulating substrates are used, both the
emitter and the base contact are on the same side of the device (on top of the
silicon layer); two different processes for contacting can be developed for thin film
polycrystalline silicon solar cells: Side – contacted process and interdigitated
contact process, for this work, the process used is interdigitated, in this, both
emitter and base contacts consist of fingers and a busbar on top of the cell (Figure
25). The resistance of the holes is now mainly determined by the distance between
two base contacts. This concept can also be used for larger cell areas and for
thinner p+-layers, but it is a bit more complicated since an extra photolithography
step is needed. The base contacts are formed by lift-off photolithography and wet
chemical etching of the n+-layer. After the lift-off the Al contacts only remain on the
etched base area, and in the end the base contact fingers have a width of ~ 40 μm.
In total there are 8 base fingers connected to a busbar, and the distance between
two base contacts is around 1.1 mm. The holes thus need to travel over only 0.3
mm on average to reach the nearest contact. After the evaporation of the base
fingers, the front grid fingers (Ti-Pd-Ag stack) are evaporated in such a way that
there are two emitter fingers around each base finger. The spacing between two
emitter fingers is also 1.1 mm. In a last step the cells are separated by a second
lithography process, where small mesas of 1 cm2 are created after wet chemical
etching (see figure below). After etching, the final structure is annealed to ensure a
good contact with the p-type layer. A disadvantage of this process is the larger
shadowing due to more metal coverage (around 8%).
Figure 25 Interdigitated contacting of solar cells

Source: IMEC
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3.4

METHODOLOGY
PERFORMANCE.

FOR

MEASUREMENT

OF

SOLAR

CELL´S

3.4.1 IV curve under illumination
The most fundamental of solar cell characterization techniques is the measurement
of cell efficiency. Standardized testing allows the comparison of devices
manufactured at different companies and laboratories with different technologies to
be compared. The standards for cell testing are:





Air mass 1.5 spectrum (AM1.5) for terrestrial cells and Air Mass 0 (AM0) for
for space cells.
Intensity of 100 mW/cm2 (1 kW/m2, one-sun of illumination)
Cell temperature of 25 °C
Four point probe to remove the effect of probe/cell contact resistance

Constructing a system that meets all the above criteria simultaneously is difficult
and expensive. Most research laboratories have simple custom built testers that
only roughly approximate the above conditions. Results that are tested "in-house"
are typically quite approximate. Periodically companies and research institutions
will send devices with record efficiencies to certified testing laboratories for
confirmation. Such efficiencies are published as "confirmed efficiencies" along with
the name of the test centre and the testing date
The technique used to measure the performance of the solar cell is called IV curve
under illumination, in this; the samples were submitted to a controlled light source
that simulates the solar light, when the sample is under illumination, the voltage
and the current produced by the solar cell was measured by contacting the positive
and the negative sides of the solar cell, all the data is transferred to the server and
by means of an specialized software, the data is processed and the important
parameters related with solar cell´s performance are obtained. The solar cell´s
parameters obtained with this technique are: Fill factor, Efficiency, Short circuit
current and Open circuit voltage.
Figure 26 Scheme of the solar simulator

Source: Martin Green
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Figure 27 Solar Simulator at IMEC

Source: The author
3.5 METHODOLOGY FOR COMPARING ENVIRONMENTAL PERFORMANCE
OF THE THIN FILM SOLAR CELLS BASED IN ULTRATHIN SEED LAYER
WITH ENVIRONMENTAL PERFORMANCE OF STANDAR THIN FILM
SILICON SOLAR CELLS
After following the experimental procedure, the results obtained from the best
polycrystalline silicon solar cell based on ultrathin seed layers were compared with
results obtained from the standard thin film polycrystalline silicon solar cell.
Different parameters were taken in consideration to make the comparison: Cost,
Energy consumption, polluting wastes, sheet resistivity and efficiency. It is
important to take into account that the results obtained are in a laboratory scale,
consequently, it is not possible to extrapolate lab-results to mass-scale production.
Considering that the process for each solar cell is very similar, the most important
parameter that was considered to make the comparison was the efficiency and the
current because they are indirect indicators of the produced electricity. The
comparison was done by using a matrix in which, the parameters were numerically
evaluated by giving a weight to each parameter in order to determine which solar
cell represents a better environmental performance.
3.6 COMPARISON AMONG TRADITIONAL ENERGY AND PHOTOVOLTAIC
ENERGY.
An obvious way to establish theoretically the possible benefits or detriments of
using Polycrystalline Silicon solar cells to generate electricity for domestic use
compared with the traditional energy is estimating the emissions´ reduction by
using solar cells, for this purpose, an isolated photovoltaic installation was
designed to provide necessary energy for a house located in Bogotá, Localidad
Sumapaz. Corregimiento San Juan, Vereda San José, in which, there is not
access to public power supply and the nearer community with electricity is located
6 km of distance, the procedure used for design, was based in the guides
developed by Ing. Pedro Píneda.
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To make the design, the potential energy production by solar modules was
determined by considering the historical meteorological parameters in the zone,
obtained from the ―Atlas de Radiación solar‖ developed by UPME. It is important to
state that the analysis was done only for residential energy demand in one house.
Once the energy demand for the considered location was calculated, the
generated emissions by producing such energy amount in an electric thermal plant
were estimated, following the next procedure:


COMBUSTIBLE DEMAND: According to the UPME, the installed capacity of
energy production In Colombia is 13.440 MW (UPME-2008), hydraulic plants
constitute the 66.92% of the total generation, natural gas thermal plants the
27.54% and coal thermal plants the 5.21%. Considering this data, the
combustible used for the estimation was natural gas, taking into account that it
has the major participation in the thermal energy production.
To know the natural gas demand, it is necessary to know its calorific value, the
natural gas which is available in Colombia, has certain characteristics and
quality specifications (see Table 3)
Table 3 Natural Gas Quality specifications64
INTERNATIONAL
SYSTEM
Gross Maximum Calorific power
42.8 MJ/m3
Gross Minimum Calorific power
35.4 MJ/m3
Liquid content
Liquid free
Total H2S content
6 mg/m3
Total S content
23 mg/m3
CO2 content, max. in % volume
2%
N2 content, max. in % volume
3%
Inert content, max. in % volume
5%
O2 content, max. in % volume
0.1%
Maximum water vapour content
97 mg/m3
Source: ECOPETROL
SPECIFICATION

ENGLISH SYSTEM
1.150 BTU/ft3
950 BTU/ft3
Liquid free
0.25 grain/100PCS
1.0 grain/100PCS
2%
3%
5%
0.1%
6.0 Lb/MPCS

With the calorific value, it is possible to determine the natural gas requirements
to generate the necessary energy to serve the location. According to ― Guía
ambiental para termoeléctricas y procesos de termogeneración‖, when electric
64 COLOMBIA. COMISIÓN DE REGULACIÓN DE ENERGÍA Y GAS . Resolución 054 (26, Julio, 2007). Por la cual se
complementan las especificaciones de calidad del gas natural inyectado al Sistema Nacional de Transporte. Diario official
Bogotá. 2007.
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generation is done with a simple cycle gas combustion turbine, the generation
efficiency is around 16% and 39% of Gross Minimum Calorific power, for this
work an efficiency of 35% was adopted.


EMISSION FACTOR: An emissions factor is a representative value that
attempts to relate the quantity of a pollutant released to the atmosphere with
an activity associated with the release of that pollutant. These factors are
usually expressed as the weight of pollutant divided by a unit weight, volume,
distance, or duration of the activity emitting the pollutant (e.g., kilograms of
particulate emitted per megagram of coal burned). Such factors facilitate
estimation of emissions from various sources of air pollution. In most cases,
these factors are simply averages of all available data of acceptable quality,
and are generally assumed to be representative of long-term averages for all
facilities in the source category (US EPA).
The US EPA has developed different emission factors depending on the
activity, process and contaminant. For the case, the emission factor to be used
is the one developed by EPA for stationary gas turbines. The Table 4 shows
the emission factors for criteria pollutants and green house gases from natural
gas combustion.



EMISSIONS COMPUTING: To calculate the emissions, the following equation
for emissions estimation is used
E = A x EF x (100-ER/100)
Where:



E = emissions;
A = activity rate; for the case, it was considered as the maximum calorific
power of natural gas (BTU/ft3)
 EF = emission factor, and
 ER =overall emission reduction efficiency, %; for the case, it was assumed
that there is not emission reduction
For this work, it will be considered only CO2 emissions because it is the most
important criteria contaminant, and the biggest precursor of green house effect.
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Table 4 emission factors for criteria pollutants and greenhouse gases from
stationary gas turbines

Source: US EPA (http://www.epa.gov/ttn/chief/ap42/ch03/final/c03s01.pdf)


SIMPLE SIZING PHOTOVOLTAIC SOLAR INSTALLATION
The photovoltaic installation was designed for one house with the following
electrical appliance: 9 light bulbs, 1 fridge, 1 radio, 1 small T.V and 1 laptop; by
knowing the power and the operation time for each appliance, the power was
calculate; then, taking into account meteorological parameters as such as
Solar radiation and Sun shine in Bogota (According to Atlas de Radiación Solar
de Colombia de la UPME) it was possible to know the required power to satisfy
the energy demand and the number of solar panels that had to be used for the
requirement. Finally, the number of batteries required for the installation was
also determined.



ECONOMICAL CONSIDERATION: After knowing the photovoltaic installation
requirements, the cost of it, was estimated using current prices in the
Colombian market; then, it was estimated the time in which the initial
investment is recovered; the estimation was based in the next aspects:
o
o

Yearly, installation maintenance has to be done; consequently, this value
was considered.
As profits of the photovoltaic installation, the cost of traditional energy was
considered; by knowing the current tariff $/kWh, provided by CODENSA for
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residential uses, ―Estrato 2‖. Yearly, the tariff was affected by an increase
of 5%.
Photovoltaic Installation was compared with traditional energy; considering that
in the location, there is not access to public power supply, it would be
necessary to make a connection, additionally it was considered the cost for
transport, labor, transmission lines and land acquisition; the estimation was
based in the next aspects:
o

As expenses of the traditional electrical installation, the current tariff
$/kWh, provided by CODENSA for residential use in ―Estrato 2‖ is taken
into account and is increased about 15% because of the losses during
transmission Yearly, the tariff was affected by an increase of 5%.

By using Net Present Value methodology, both alternatives (Traditional and
photovoltaic energy) were compared in a period of 25 years, which is the
useful life for the photovoltaic modules in order to establish which of both
alternatives offer a higher profitability.
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4. RESULTS AND DISCUSSION
The methodology was described in detail previously, this section shows all the
results that were obtained by applying the suggested methodology, as it was
proposed, to prepare ultrathin seed layers, two routes were considered, the first
one consisted in the modification of the thickness during the deposition before the
Aluminium Induced crystallization, in which, under high vacuum conditions, the
aluminium and de amorphous silicon were deposited varying the thickness;
parameters as pressure, temperature and Al:Si ratio were kept as constants. 8
different Al:a-Si configurations were developed and it was observed, that keeping a
minimal Al thickness of 50 nm the AIC is achieved, but the hole density reaches
the 18.4%, owing to a lack of Si to react with Al, to solve this, the ratio Al:Si for
seed layers based on 50nm Al was modified to 1:1.5, 1:1.3, 1:1.5, 1:1.7 and 1:1.9.
After different experiments varying the ratio it was found that keeping an Al
thickness of 50 and a ratio Si:Al of 1:1.3 the hole density and the amount of islands
were acceptable, all the described experimental was developed in an ideal
substrate (Oxidized silicon) then, taking into account the results, seed layers were
prepared on a real substrate (alumina).
The second route consists in the modification of the thickness after the AIC by
reactive Ion Etching; standard seed layers (Al 200nm and Si 230 nm) were
developed and the Silicon islands had to be removed by RIE to facilitate the
thinning process, the exposition time for island removal was optimized,
subsequently, when aluminium was chemically removed from the seed layers, the
samples were exposed to plasma for different times, observing that applying
exposure times between 100 seconds and 150 seconds the seed layer maintains
good quality and is thin enough to be considered in the project, then, solar cells
were developed taking into account the results on a real substrate (alumina)
The seed layers prepared on alumina by following the two routes were used to
deposit the absorbent layer by epitaxial growth in the LPCVD, then, the layers were
passivated and the emitter was grown in the PECVD and finally, interdigitated
contacts were developed on top of the solar cells. At the end, using the solar
simulator the solar cells ´performance is measured and then compared. In
APPENDIX A all the experimental procedure is shown in detail.
Finally, a qualitative comparison among standard seed layers and ultrathin seed
layers was done taking into account cost, energy consumption during processing,
polluting wastes and efficiency.
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4.1 ULTRA THIN SEED LAYER FORMATION.
4.1.1 First route: modified thickness during deposition before aluminium induced
crystallization.
Aluminium and amorphous silicon layers were deposited on oxidized silicon wafers
at the electron – beam high – vacuum – evaporator (Section 3.1.1i),
subsequently the samples were annealed to induce the aluminium assisted
crystallization (Section 3.1.1ii) and finally, the remaining aluminium on top of the
seed layers was chemically etched (Section 3.1.1iii), obtaining an aluminium-free
seed layers which were observed through optical and scanning electron
microscopy to check the homogeneity of the seed layers, in Table 5 it is shown the
Aluminium and amorphous silicon thicknesses for high vacuum deposition and the
microscopical pictures obtained for each case.
With the optical and the scanning electron microscopes it was possible to observe
the homogeneity for the eight seed layer´s configurations; according with the
images, it was possible to infer that the aluminium induced crystallization can be
achieved with thinner layers of Aluminium and silicon above the 50 nm (not for
lower thicknesses), however, lower thickness implies lower seed´s layer quality,
specially for seed layers based in aluminium layers below the 100 nm of thickness.
The decrease of the quality of the seed layer was represented by an increase in
the hole density caused by a lack of silicon, reason why, for seed layers below 100
nm was decided to vary the ratio Al: a-Si (standard ratio Al:aSi is 1:1.15), therefore,
for the following experiments was kept constant the thickness of aluminum and
silicon but the ratio was changed to 1:1.3, 1:1.5, 1:1.7 and 1:1.9 (Table 6).
Such experiments were carried out for seed layers based in aluminum layer as 50
nm taking into account the main target of this work is to achieve good quality ultra
thin seed layers and to ensure the AIC the annealing time increased from 4 to 8
hours.
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Table 5 Microscopical images for ultrathin seed layers prepared by variation of thickness before AIC.

Al

200
nm

a-Si

Optical
Microscope image

SEM Images

Remark
According with images, the
standard seed layer presents
good quality, with the usual
presence of some islands and
holes, but still, with good
homogeneity. Hole density 5.4%

230 nm

Seed layer presents good quality,
the hole density increases, but not
in a very representative way. AIC
is clearly achieved. Hole density
6.8%

175
nm

201.2
nm

150
nm

172.5
nm

Seed layer presents good quality,
the hole density increases, AIC is
achieved under these conditions.
Hole density 8.7 %

125
nm

143.5
nm

Seed layer presents good quality,
the hole density increases, AIC is
achieved under these conditions
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Al

100
nm

75 nm

50 nm

25 nm

a-Si

Optical
Microscope image

SEM Image

Remark

115 nm

Seed layer presents good quality,
even when the hole density
increases to 11.8%, there is a
uniform polycrystalline layer.

86.2 nm

Seed layer is homogenous but the
quality is poor, but still, AIC is
achieves at this thickness. Hole
density 14.3%

57.5 nm

In this case, the AIC can be
achieved but the seed layer´s
quality is highly compromised
because of the presence of small
islands and a hole density 18.5%,
apparently, there is not enough Si
to react with Al for AIC.

28.7 nm

Aparently, for seed layer so thin,
the AIC is not achieved, the
substrate is still visible, and there
is not homogeneity at all, there is
not polycrystalline silicon layer.
Hole density 26.5%

Source: The author
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Table 6 Microscopical images for 50nm seed layers prepared by varying the ratio
Al:a-Si
aSi thickness
(nm) a

Optical Microscope
images

Remark

Standard
1:1.15

The AIC is achieved but the
layer presents holes, who
are not desirable for
absorbent layer growth.
There is also presence of
small islands in the layer.

65 nm

1:1.3

The AIC clearly presents a
lower quantity of holes and
subsequently, more
uniformity, still presents
some small islands.

75 nm

1:1.5

57.5 nm

a

Ratio
Al:aSi

80 nm

1:1.7

95 nm

1:1.9

For these ratios, there is not
holes in the seed layer, but
there is a increase of silicon
island due to a excess of
silicon to react with Al; the Al
is completely consumed and
the silicon on top, is
amorphous silicon that did
not react with aluminium,
such amount of islands are
not desirable.

Aluminium thickness constant as 50 nm
Source: the author

According with images shown in Table 6, the AIC is achieved for 50 nm layers and
a good homogeneity is obtained if the Al: a-Si ratio is increased from the standard
one (1:1.15) to 1:1.3; under these conditions, the hole density of the 50nm layer is
similar to the hole density obtained for standard seed layers. The reason for the
improvement is that mayor quantity of silicon ensures enough reactant to complete
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the crystallization process; In addition, according with the images can be also
affirmed that ratios above 1:1.5 result in an excessive presence of silicon islands in
the seed layer, which are not desirable.
Considering the results obtained by applying the first route, ultrathin seed layers
were prepared on alumina substrate under the following conditions (Table 7); later
these samples were used to grow absorbent layer and solar cell, results will be
shown later.
Table 7 Seed layers prepared on alumina for solar cells (first route)
Sample

Al thickness

A 207
A 208

100 nm
50 nm

a-Si
Ratio Al:a-Si
thickness
115 nm
Standard 1:1.15
65 nm
1:1.3
Source: the author

Nominal seed
layer thickness
100 nm
50 nm

4.1.2 Second route: modified thickness after AIC by reactive ion etching.
The second route followed for ultra thin seed layer formation uses the Reactive Ion
Etching (Section 3.1.1iv). First, standard seed layers (Al 200nm and a-Si 230nm)
were prepared on top of oxidized silicon substrate, before the aluminium removal
the silicon islands were selectively etched (previously was explained that the
aluminium layer works as a perfectly aligned mask for the selective etching of
Silicon islands in section 3.1.1iv).
To find the best exposure time to the plasma, by which the silicon islands can be
removed without damaging the seed layer it was necessary to try different
exposure times and then, the homogeneity of the seed layer was checked by
microscopical methods. The constant operation parameters in the RIE chamber
were as follows:





Pressure: 300 miliTorr
Power: 100 Watts
SF6 flow: 40 sccm (Standard Cubic Centimeters per Minute)
O2 flow: 100 sccm (Standard Cubic Centimeters per Minute)

In Table 8 the microscopical pictures obtained from all the seed layers subjected to
each exposure time for islands removal by RIE are visible.
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Table 8 Exposure time optimization for island removal in standard seed layers
Exposure Optical Microscope
SEM Image
Remark
time (sec)
Images

200

The silicon islands
are etched but they
look higher than seed
layer. Exposure time
is to short.

220

The silicon islands
are etched but they
look higher than seed
layer. Exposure time
is too short.

235

The silicon islands
can be recognized in
the seed layer;
however, the seed
layer is smooth and
uniform

235

240

The silicon islands
can be recognized in
the seed layer as
shallow holes in the
seed layer.

250

The silicon islands
can be recognized in
the seed layer as
shallow holes in the
seed layer.

274 -300

The exposure time is
too long; the islands
are etched and can
be seen as deep
holes in the seed
layer.

-Source: the author
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According with the images, it was adopted as the best exposure time for island
removal 235 seconds; next, the RIE was also used to thin down the seed layer, it is
adopted an approximate etching rate of 1nm/sec while keeping the same
conditions as pressure, power and SF6 flow.
To find the maximum time in which the seed layer may be exposed to the plasma
while it maintains good quality, different exposure times were applied,
Microscopical images of this experimentation can be seen in Table 9.

Table 9 Microscopical images for seed later thinned by RIE
Exposure
time (sec)

Optical Microscope
Images

SEM Image

25

Remark

--

The seed layers
maintain good
quality and are
uniform, but still, too
thick.

50

75

--

The seed layer
maintains relatively
good quality and
they are thin enough
to be used for
absorbent layer
growth, seed layer
inside this rank were
used for solar cell
preparation.

100
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Exposure
time (sec)

Optical Microscope
Images

SEM Image

120

--

150

--

170

--

Remark

The seed layer
maintains relatively
good quality and
they are thin enough
to be used for
absorbent layer
growth, seed layer
inside this rank were
used for solar cell
preparation.

At these exposure
times, the seed The
seed layer is
considerably
damaged; also, SEM
pictures show that
also the substrate is
etched, which is
logical being a
silicon compound.

200

225

Source: the author
Considering the results obtained by following the second route, ultrathin seed
layers were prepared on alumina substrate under the following conditions (Table
10); later these samples were used to grow absorbent layer and solar cell, results
will be shown later.
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Table 10 Seed layers prepared on alumina for solar cells (second route)
Sample
A 204
A 205

Exposure time for
island removal
235 sec
235 sec

Exposure time for seed
layer thinning
100 sec
150 sec

Nominal seed
layer thickness
100 nm
50 nm

Source: the author
4.1.3 Discussion
Following the first route for ultrathin seed layer formation it was found that the AIC
is achieved for 50 nm layers and a good homogeneity is obtained if the Al: a-Si
ratio is increased from the standard one (1:1.15) to 1:1.3; under these conditions,
the hole density of the 50nm layer is similar to the hole density obtained for
standard seed layers. The reason for the improvement is that mayor quantity of
silicon ensures enough reactant to complete the crystallization process; In addition,
according with the images can be also affirmed that ratios above 1:1.5 result in an
excessive presence of silicon islands in the seed layer, which are not desirable.
On the other hand, after following the second route, it was found that after doing
the island removal with the plasma, the seed layer can be exposed to the plasma
during times between the 100 and 150 seconds in order to obtain a good quality in
the ultrathin AIC seed layer. Unfortunately, the presence of discontinuities in the
pc-Si layers allows etching the substrate material to be etched away which is a
drawback of this route. The seed layer becomes rough and copies the same
structure during the epitaxial process which may result in poor open circuit voltage
(Voc).
4.2 RESULTS FOR POLYCRYSTALLINE
ULTRATHIN AIC LAYERS

SOLAR

CELLS

BASED

ON

After following the two different routes for polycrystalline seed layer formation, 5
samples prepared on alumina substrate were subjected to solar cell process, one
of the samples was prepared as standard, two of them were obtained by the first
route, and the other two were obtained by the second route; in Table 12 the
characteristics for each sample are shown.
Before the absorbent layer growth on top of the seed layers, the sheet resistance
of the samples was measured by using a 4 probe point resistivity tool (Table 11).
This measurement is important taking into account that the main reason to diminish
the seed layer thickness is to reduce the current losses caused by light absorption
in this layer, which does not produce useful electricity; consequently, a higher seed
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layer‘s sheet resistance is beneficial for the solar cells‘ performance. Next, in
Figure 28 it is visible that the sheet resistance increases for lower thicknesses;
higher sheet resistance means less conductivity, lower doping or metal impurity
and indirectly, less light absorption.
Table 11 Sheet resistance for seed layers
Sample
A 203
A 204
A 205
A 207
A 208

Nominal Thickness (nm)
200
100
50
100
50

Sheet resistance Ohms/sq
3,54E+03
4,96E+03
7,08E+03
5,12E+03
7,34E+03

Source: author
Figure 28 Sheet resistance for seed layers on alumina.

Source: the author
After sheet resistance measurement, the solar cells were made on top of the seed
layers following the same procedure for the five alumina samples. The procedure
was carried out as follows:
i. Absorbent layer growth: The samples were epitaxially thickened by Low
pressure chemical vapour deposition. At this stage, the structure of the seed
layer was reproduced into the final absorber layer. The deposition occurred at a
temperature of 1000°C. The growth rate was around 1.4µm/min. Double layers
of p+ and p silicon with variable thicknesses ratios were made. The p+ layer acts
as a back surface field (BSF) and as a conductive channel for majority carriers,
while the p layer is the actual absorber layer. The achieved doping densities
were 2x1019/cm3 for BSF layer and 1x1017/cm3 for the absorber layer. The total
BSF layer thickness was 200nm and the absorbent layer thickness is 3µm.
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ii. Passivation of the polysilicon layers: The purpose of the passivation is to
diminish the defects in the polysilicon layers by bonding dangling Silicon bonds
with hydrogen atoms. The passivation was done in the PECVD system under
400°C.
iii. Emitter formation: Using also the PECVD system, phosphorous doped layers
of silicon are deposited on top of the p layer under a temperature of 180°C. At
this point, the pn- junction responsible for electricity production was formed, then
the negative and the positive layers had to be contacted to extract the current.

i.

Contacting of the solar cells: Interdigitated contacts for the solar cells were
made by lithography and metallization, from each sample, it is possible to
obtain around 12 independent solar cells, each with an area of 6.25 cm 2 (Figure
29)
Figure 29 Thin solar cell based on ultrathin AIC seed layer.

Scale: 1 : 2.5

Source: Imec
ii. Measurement of solar cells´ performance: The performance of each cell was
measured using the IV curve under illumination technique; from each sample, 10
solar cells were evaluated, then the best solar cell obtained for each sample is
taken into account to compare results among the different samples.
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Table 12 Characteristics for seed layers on alumina substrate used for solar cell process.
Seed layer thickness (nm)
Nominal
Reala

Sample

Method for seed
layer thinning

A 204

After AIC (2nd route)

100

120.2

A 205

After AIC (2nd route)

50

71.8

A207

Before AIC (1st
route)

100

98.99

A208

Before AIC (1st
route)

50

48.25

SEM Imageb

Source: the author
a

Real thickness is considered as the one given by direct measurement in the SEM. The angle measurement is 45° with respect the horizontal.
b
Capturing high quality SEM images of thin seed layers are difficult because of electron charging effect
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4.2.1 Standard thin-film polycrystalline silicon solar cells based on aic.
The best Standard thin-film polycrystalline silicon solar cell efficiency was 5.26%, in
Table 12, the solar cell´s parameters are exposed and Table 13 shows the
illuminated current-voltage graph of this cell.
Table 13 Characteristics for standard thin film pc-Si solar cell
Sample
(6.25 cm2)
A203
(200nm)

Efficiency
(%)

Fill Factor
FF (%)

Open Circuit
voltage Voc (mV)

Short circuit current
Isc (mA/cm2)

5,26

70,3

470

15,9

Source: the author

Isc (A/cm2)

Figure 30 IV curve for standard thin film pc-Si solar cell
0,018
0,016
0,014
0,012
0,01
0,008
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0,002
0
0

0,1

0,2

0,3

0,4

0,5

Voc (V)

Source: The author
4.2.2 Thin-film polycrystalline silicon solar cells based on ultrathin aic seed layers.
To make the ultrathin polycrystalline seed layers two different routes were followed,
from those seed layers, solar cells were prepared; next, the results obtained from
the IV tester are presented for each case.
i.

Thin-film polycrystalline silicon solar cells based on ultrathin AIC seed layers
prepared by the first route

The best Thin-film polycrystalline silicon solar cells based on ultrathin AIC seed
layers prepared by the first route had an efficiency of 4.82% and 4.5% for 100 nm
and 50nm seed layers respectively, in Table 12, the solar cells‘ parameters are
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exposed and Figure 31 and Figure 32 show the illuminated current-voltage graph
of these solar cells.
Table 14 Characteristics for silicon solar cells based on ultrathin AIC seed layers
prepared by the first route
Sample
(6.25 cm2)
A207
(100nm)
A208
(50nm)

Efficiency
(%)

Fill Factor
FF (%)

Open Circuit
voltage Voc (mV)

Short circuit current
Isc (mA/cm2)

4.82

69

462

15

4.50

68.33

455

14.3

Source: The author

Isc (A/cm2)

IV curves
Figure 31 IV curve for thin film pc-Si solar cell from sample A207 (100nm)
0,016
0,014
0,012
0,01
0,008
0,006
0,004
0,002
0
0
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0,5

Source: the author

Isc (A/cm2)

Figure 32 IV curve for thin film pc-Si solar cell from sample A208 (50nm).
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Source: the author
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0,4

0,5

ii.

Thin-film polycrystalline silicon solar cells based on ultrathin AIC seed layers
prepared by the second route

The best Thin-film polycrystalline silicon solar cells based on ultrathin AIC seed
layers prepared by the second route had an efficiency of 5.67% and 5.62% for 100
nm and 50nm seed layers respectively, in Table 13 the solar cells‘ parameters are
exposed and Figure 34 and Figure 35 show the illuminated current-voltage graph
of these solar cells.
Table 15 Characteristics for silicon solar cells based on ultrathin AIC seed layers
prepared by the second route
Sample
(6.25 cm2)
A204
(100nm)
A205
(50nm)

Efficiency
(%)

Fill Factor
FF (%)

Open Circuit
voltage Voc (mV)

Short circuit current
Isc (mA/cm2)

5,67

72,14

481

16,3

5,62

71,54

484

16,2

Source: The author
IV curves
Figure 33 IV curve for thin film pc-Si solar cell from sample A204(100nm)
0,018
0,016
0,014
Isc (A/cm2)

0,012
0,01
0,008
0,006
0,004
0,002
0
0,00E+00

1,00E-01

2,00E-01

3,00E-01

Voc (V)

Source: the author
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4,00E-01

5,00E-01

Isc (A/cm2)

Figure 34 IV curve for thin film pc-Si solar cell from sample A205 (50nm)
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Source: the author
To compare the solar cells results are shown in Table 16, in
the comparative graphs for each parameter are presented. In APPENDIX B,
results for all the samples measured are exposed.
Table 16 Solar cells ‗results summary
Sample
2

(6.25 cm )
A203
A204
A205
A207
A208

Method for
thickness
reduction
Standard
AIC layer
AIC,islandsfree + RIE
AIC,islandsfree + RIE
Ultra thin
AIC
Ultra thin
AIC

Seed layer
Thickness
(nm)

Eff.(%)

FF (%)

Voc (mV)

Isc
(mA/cm2)

200

5,26

70,3

470

15,9

100

5,67

72,14

481

16,3

50

5,62

71,54

484

16,2

100

4.82

69

462

15

50

4.50

68.33

455

14.3

Source: the author
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Figure 35 Solar cells‘ parameters
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3
2

70
68

1
0

66
A203

A204 A205
Sample

A207

A208

A203 A204 A205 A207 A208
Sample

Short circuit current

Open Circuit Voltage
490

16,5
16
15,5
15
14,5
14
13,5
13

Isc (mA/cm2)

Voc (mV)

480
470
460
450
440
A203 A204 A205 A207 A208
Sample

A203 A204 A205 A207 A208
Sample

Source: the author
4.2.3 Discussion


The SEM shows the sample A204 and A205 are islands free. The
discontinuities appear in these samples were formed during the AIC process
and they have no significant influence on the solar cell performance65.
Unfortunately, these discontinuities allow etching of the Fox on the alumina
substrate during RIE thinning. If the Fox layer is etched through, then
impurities from the alumina diffuse into pc-Si layer. This could lower the
performance of solar cells for a reason that the impurities decorate
crystallographic defects and these behave as a strongest recombination
centre for minority charge carriers. The morphology of A207 and A208 are
poor because of many of small islands present on the seed layer.

65 GESTEL, Dries Van, et al. A new way to Selectively Remove Si islands from polycrystalline silicon seed layers made by
aluminum induced crystallization. In: Thin Solid Films. August, 2008. Vol 516, issue 20, pages 6907 -6911.
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Thin seeds prepared by RIE: the samples A204 and A205 have seed layer
thickness of about 100 and 50 nm respectively but the BSF and absorber
thickness are equal, for sample A204, the Isc is improved to 16.3 mA/cm2
which is a gain of about 14% in Jsc compared with standard one.
Surprisingly, there is a tremendous improvement in Voc of about 5.7%. A
reason for this improvement in Voc could be dopants and contaminants are
etched away thanks to RIE thinning process. In the sample A205, Jsc is
improved by 1.9 mA/cm2, which means a gain about 13.28% compared with
the standard one; also Voc is increased by 6.37 % because etching time is
longer. The fill factors of both the samples are quite promising.
Thin seeds by AIC: The samples A207 and A208 has significantly lower in
both Voc and Jsc because of seed layer material quality is quite poor as
shown in the SEM images.

4.3 COMPARISON THIN FILM POLYCRISTALLINE SOLAR CELL BASED ON
ULTRA THIN AIC Vs STANDAR THIN FILM POLYCRISTALLINE SILICON
SEED LAYER.
For comparison, four aspects were considered: Cost, energy consumption during
processing, polluting wastes and electricity production, in Table 17 those aspects
are explained for each solar cell used for comparison, subsequently, by using a
matrix, the performance was numerically calculated by giving a weight to each
parameter in order to determine which solar cell represents a better environmental
performance.
After doing the description of the aspects for each solar cell, every aspect was
numerically evaluated from 1 to 5 according to its environmental implication
according with criterion described in Table 18.
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Table 17 Comparison thin film solar cells
ASPECT

Cost of
processing

Energy
consumption
during
processing

Polluting
wastes

Sheet
resistivity of
the seed
layer

STANDARD SOLAR CELL
The cost for producing this solar
cell is elevated owing to the next
reasons:
Different
devices
and
technologies are used during
processing
-Each step in processing
requires the supervision of a
competent person, and the
process is not done by only one
person, but for different people
who take part in each step.
-A considerable amount of
money is used to treat the liquid
wastes from all the processing,
which includes the use of high
temperature
chemicals
for
cleaning and chemical etching.
The major energy consumption
during processing of this solar
cell is caused by the fact that
most of the steps imply high
temperatures and consequently,
major energy consumption.

In processing there are different
cleaning and etching procedures
that use different chemicals in
solution, and many of them are
done at high temperatures, the
chemical solutions can be
reused for different solar cells
and liquid wastes are disposed
according to their chemical and
hazardous characteristics, which
facilitates the treatment.
The sheet resistance for this
seed
layer
was
3.54E+3
ohms/sq, lower than the ultrathin
seed layer
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ULTRATHIN AIC SEED LAYER
SOLAR CELLS
The cost of producing this solar
cells is elevated owing to the
next reasons:
-Each processing step is done in
a different device and not all the
steps are performed by the
same person, there are different
persons involved in processing.
- As many chemicals are used
for cleaning and etching, money
has to be invested in liquid
wastes treatment.
-There is an additional step in
processing
compared
with
standard thin film poly-Si solar
cells; the exposing to the
plasma, which represents more
time and money.
During processing of this solar
cell, high temperature processes
are also carried out, and there is
and additional step (plasma
exposure) which implies the use
of a different device and an
extra cleaning procedure, which
represents a major energy
consumption.
For this solar cell, the chemical
procedures are the same as the
standard thin film solar cells and
there is an additional dip in
Phosphoric acid of the samples
(previous
to
the
plasma
exposure) which implies an
extra liquid waste, however, this
is not very important compared
with
the
other
chemical
procedures.
This parameter was 7.34E+3
ohms/sq
higher
than
the
standard seed layer, which
means less conductivity, lower
metal impurity and less light
absorption

ASPECT

Electricity
production

ULTRATHIN AIC SEED LAYER
SOLAR CELLS
For this solar cell, the efficiency The best thin film poly-Si solar
was 5.26% and the short circuit cell based on ultrathin AIC
current 15.9 mA/cm2.
developed
presented
an
efficiency of 5.67% and a short
circuit current of 16.3 mA/cm2,
which is a gain of about 14% in
Jsc compared with the standard
one; in addition, there is an
improvement of Voc of about
5.7%
STANDARD SOLAR CELL

Source: the author
Table 18 Criteria for evaluation of solar cell aspects.
EVALUATION
CRITERION
1
highly negative impact
2
negative impact
3
indifferent
4
Positive impact
5
Highly positive impact
Source: the author
A weight was assigned to each aspect considering that not all of them have the
same environmental importance (Table 19).
Table 19 Weight assigned for each aspects.
ASPECT
Cost of processing
Energy consumption during processing
Polluting wastes
Sheet resistance
Electricity production

WEIGHT
20%
20%
25%
5%
30%

Source: the author
According to preceding statements, the aspects are evaluated in Table 20.
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Table 20 Solar cell‘s aspects evaluation.
ASPECT

WEIGHT

STANDARD SOLAR
CELL

ULTRATHIN AIC SEED
LAYER SOLAR CELLS

EVALUATION

MARK

EVALUATION

MARK

Cost of processing

20%

2

0.4

2

0.4

Energy consumption
during processing

20%

2

0.4

2

0.4

Polluting wastes

25%

2

0.5

2

0.5

Sheet Resistance

5%

3

0.15

4

0.2

Electricity production

30%

4

1.2

5

1.5

TOTAL

2.65/5

3/5

Source: the author
4.3.1 Discussion
According to the evaluation performed to make the comparison, it can be stated
that the environmental performance for both solar cells is not substantially different,
thinner solar cells provide a slightly better performance because of the higher
efficiency. It has to be considered also, that these results are obtained in laboratory
scale and in case of reproducing this process into mass scale production; cost and
energy consumption should decrease for both cases.
Polluting wastes had been a constant concern in solar cell manufacturing but new
techniques are being developed in order to decrease the use of chemical solutions
during manufacturing, overall, at laboratory scale; on the other hand, polluting
wastes amount should decrease for mass production of these solar cells.
A better performance from thinner seed layer should be achieved by improving
procedures for solar cell formation, because for this work, solar cell formation on
top of ultrathin seed layer was performed as standard one, reason why, it is
necessary to modify processes in order to make the compatible with the ultrathin
seed layers.
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4.4 COMPARISON AMONG TRADITIONAL ENERGY AND PHOTOVOLTAIC
ENERGY.
i. Energy Demand
The computing was done for an isolated neighbourhood composed by ten houses,
in which the photovoltaic module should provide the necessary electricity to all the
electrical appliances

To determine the user´s needs in the location, first, it is necessary to define the
total power to be demanded to feed the direct and alternating current charges. In
Table 21 and Table 22 the daily energy demand that has to be covered by the
installation is calculated.
Table 21 Energy demand in direct current evaluation for one house
Electrical
appliance
Light
bulbs
Fridge
Radio

Quantity

Power
(W)

Hours/day

Energy in Direct Current DC
(kWh/day)

5

23

5

0.575

12
5

1.44
0.2
2.215

1
120
1
40
Total Energy DC

Source: the author
Energy in direct current is controlled by the regulator, by which, it is necessary to
consider the losses by this associated to the regulator efficiency (ɳreg=0.98)
Table 22 Energy demand in alternating current evaluation for one house
Electrical
appliance
Light
bulbs
Small TV
Laptop

Quantity

Power
(W)

Hours/day

Energy in Direct Current DC
(kWh/day)

4

23

5

0.460

4
2

0.36
0.13
0.94

1
90
1
65
Total energy in AC

Source: the author
Taking into account that to get the energy in alternating current it is necessary to
pass through an inverter the energy in DC, energy losses have to be considered by
effect of inverter and regulator. The inverter efficiency is 0.8.
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Then, the daily consumption (ET) is given by the sum of consumption in DC and
consumption in AC

ɳ
ii.

Natural gas consumption

According to ―guía ambiental para termoeléctricas y procesos de cogeneración,
parte aire y ruido‖ when electric generation is done with a simple cycle gas
combustion turbine, the generation efficiency is around 16% and 39% of Gross
Minimum Calorific value, for the exercise a combustion efficiency of 35% is
assumed.
-Energy produced by an ft3 of natural us burned (EP)

-Daily burned natural gas required to satisfy the energy demand (CD)

iii.

Emissions calculation

-Emission factor: According to ―guía ambiental para termoeléctricas y procesos de
cogeneración, parte aire y ruido‖ the emission is calculated as:
E = A x EF x (100-ER/100)
Where:




E = emissions;
A = activity rate; for the case, it was considered as the maximum calorific
power of natural gas (BTU/ft3)
EF = emission factor, obtained from AP42 USEPA
87



ER =overall emission reduction efficiency, %; for the case, it was assumed as
20%

Then, it is obtained that:

Then the total emission is calculated for the daily burned natural gas required to
satisfy the energy demand (TE)

iv.

Solar contribution evaluation66

To evaluate the contributed solar energy, it was necessary to know the incident
solar radiation by m2 of the photovoltaic panel. The solar radiation data of bogotá
city was taken from the ―Atlas de Radiación Solar de Colombia‖, which is a
document done by the UPME in 2005.
It was also important to identify the average number of sun hours per day, and for
each month of the year, this number is known as Sun shine hours (HBS); this data
is important because it indicates the month or months of the year with less
sunshine hours and consequently, the months in which it has to be guaranteed the
demanded power. This data for Bogotá city is also found in the Atlas de Radiación
Solar de Colombia‖.
The solar radiation and sunshine hours of Bogotá city, which is the location for the
installation, month by month are recorded in Table 23.
Table 23 Monthly solar radiation, HBS and energy demand
Mes
January
February
March

Solar radiation R0(kW/m2-d)
4,5
4,5
4,5

66

HBS (h)
5
6
5

ET kWh/d
3,459
3,459
3,459

quotient R0/ET
1,301
1,301
1,301

Calculation procedure based on: PINEDA, P. Renewable Energy in Colombia, technical,
emissions and financial analysis. In: SEI Solar Energy International: Workshop on renewable
energy for the developing world.
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Mes
April
May
June
July
August
September
October
November
December

Solar radiation R0(kW/m2-d)
4
4
4
4,5
4,5
4
4
4
4

HBS (h)
4
4
4
4
5
5
4
4
4

ET kWh/d
3,459
3,459
3,459
3,459
3,459
3,459
3,459
3,459
3,459

quotient R0/ET
1,156
1,156
1,156
1,301
1,301
1,156
1,156
1,156
1,156

Source: the author
It is important to satisfy the energy demand in the unfavorable month of the year,
for that reason, the calculation basis is considered as the month with the lower
quotient R0/ET

The peak power Pgen is the maximum power that he photovoltaic field can bring at
the Standard Conditions of measurement. To calculate this power, in the month
which is the calculation basis, the daily energy brought by the photovoltaic field is
equalized with the daily consumption during this month.

Where:
ɳpanel
ET
HBS

Photovoltaic panel efficiency (0.85)
is the energy demand in the most unfavorable month
Sunshine hours in the most unfavorable month

-Number of panels
The panel chosen for the calculation is the TE1250A1 (Datasheet in APPENDIX
C); a panel composed by polycrystalline silicon solar cells; from the datasheet, it is
possible to obtain the following parameters from the photovoltaic panel:
-Nominal voltage of the installation Vn (volts) which is determined by the
regulator, for the exercise, Vn =24v
-Nominal Voltage of the panel Vm (volts)= assumed as 12 volts
-Nominal power of the panel Pm (watts)= assumed as 130 watts
-Open circuit voltage Voc (volts) = 22.20 volts
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-Short circuit current Isc (amperes) =7.70A

Number of panels in series
It is calculated as the ration between the nominal voltage of the installation and the
nominal voltage of the panels

Number of panels in parallel
It is calculated as the reason between the peak power required (W) and the power
of the panel affected by the number of panels in series

The panels configuration will be as follows:
Figure 36 Panels configuration for isolated photovoltaic installation

Source: the author
-Batteries system
The selected batteries are the SB 12/200 (Datasheet in APPENDIX C); the nominal
parameters of the battery are:
Amp-hour rating: C100= 200Ah
Charge Capacity: PDmax= 70%
Real Capacity: Cu = C100 * PDmax = 140 Ah
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Daily Consumption: ET = 3.459kWh
Autonomy: A= 3 days
Available Capacity from the batteries field:

Nominal Capacity from the batteries field:

Number of batteries

Figure 37 Diagram for connection

Source: Andrés Ruiz, Laura Aranguren, Jaime Gonzáles
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- Economical consideration:
In addition to the solar panels and the batteries, it is necessary the acquisition of 1
regulator and 1 inverter; an approximate total of the investment for installation is
presented in Table 24. The prices taken into account were provided by solar
modules sellers in Colombia.
Table 24 Investment for photovoltaic module installation
Equipment
Inverter DR
3624 – 24v
Regulator Sun
Saver 10L24V
Photovoltaic
module
TE1250A1
Battery SB
12/200
Installation

Nominal
voltage (v)

Quantity

Unit price
(COP)

Total Price
(COP)

24

1

$4,150,770a

$4,150,770

24

1

$261.108b

$261.108

12

8

$1.430.000c

$11.440.000

--

3

$280.000d

$840.000

$1.000.000e

$1.000.000
$17.691.878
$2.830.700
$20.252.578

Total
IVA 16%
Total investment
Source: the author
a

The price for this equipment was found in the web site, prices are in USD, they
were converted to Colombian pesos
http://www.proenergy.com.mx/productsprincipal.php?id=83
b
Price
provided
by
Solarland
in
EUR,
converted
to
COP:
http://www.solarlandsl.com/products.asp?cat=45
c
Price provided by Hemeva: http://www.hemeva.com/energia.htm
d
Price provided by Solar center: http://www.solarcenter.com.co
e
Price provided by Hemeva: http://www.hemeva.com/energia.htm

v.

Economical comparison
To compare the two alternatives (traditional and photovoltaic energy) the net
present value methodology was used, next, the considerations taken into
account for each alternative are described:

92

Alternative 1: Traditional energy: To know the initial investment for using this
energy, it was considered an amount of USD $ 6.80067 for connection, in
addition for transport, labor, transmission lines and cost for land acquisition an
amount of COP $40.000.000 is assumed.
To know the expenses for every period (year) the tariffs for energy were
consulted in CODENSA web site, which are given in $/kWh, this value was
multiplied by the month consumption (affected by an increase of 15% caused
by the losses during conduction), and it was considered a yearly increase of
5% in the tariff.
Alternative 2: photovoltaic energy: As it was described above, the installation
will require an initial investment of $20.252.578 COP, in addition, it will be
necessary to make a yearly maintenance of the module, which will cost
300.000 the first year. The utilities are considered as the amount of money that
is not paid for traditional energy. The comparison was done for a total period
time of 25 years, which is the useful life for the photovoltaic system, the net
cash flow for each alternative and the NPV for each, can be consulted in Table
26
4.4.1 DISCUSSION
Production of solar energy by natural gas combustion results in the emission of
different contaminants; in this work, It was observed that only to produce the basic
electricity for a house 0.595 Ton CO2 are emitted to atmosphere in only one year, if
this value is extrapolated to a higher number of users, it is clear the high impact of
electricity production (without considering other contaminants or other
combustibles that are more contaminant), consequently, the use of photovoltaic
energy would avoid the presence of the contaminants in the atmosphere; however,
there is a lot of concern about the polluting wastes produced during solar cells
manufacturing, but new alternatives are under research and polluting wastes
during manufacturing can be more controlled if good planning and environmental
management is carried out, while controlling emission to atmosphere is more
complicated and the effects affect to a higher number of organisms.
There had been also a generalized concern and skepticism about solar energy for
the elevated costs for initial investment; such concern is justified because it is clear
that installation of a simple photovoltaic set implies an elevated price, taking into
account all the extra equipment that has to be acquired. however, for the specific
case, the best alternative to provide electricity is photovoltaics because the
community does not have and will not have a conventional supply of energy; owing
67

Sum taken from the document: Experiencias internacionales en regulación de zonas Rurales
Aisladas; where it says that after doing a research in Brazil, it is estimated that connection for
isolated clients can cost around USD 6800/client.
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to the fact that it is an isolated location and the long distance from the public power
supply, bringing conventional energy would represent a very high cost. Costs for
traditional energy strongly depend on the power supply lines, and not, on the
energy demand; on the other hand, photovoltaic systems costs mostly depend on
the energy demand; consequently, for isolated regions, photovoltaic energy is a
better technical and economical alternative.
Despite of the benefits of photovoltaic energy, for the scenario considered for this
work, the initial investment is not totally recovered after the useful life of the
photovoltaic system, but still, it represents fewer expenses than the ones for
traditional energy use.

It can be also stated, that, from the economical point of view, residential use of
photovoltaic systems in isolated regions is more beneficial than traditional energy,
in regions where the power supply is easily accessible, photovoltaics result very
expensive and inefficient compared with traditional energy, however, the
environmental expenses related to emissions are not considered. Next, in Table 25
advantages and disadvantages for photovoltaic and traditional energy are defined.

TRADITIONAL

PHOTOVOLTAICS

Table 25 Advantages and disadvantages of photovoltaics and traditional energy
ADVANTAGES
 Long useful life
 Low maintenance costs
 There
is
not
negative
environmental impact during
operation.
 Free electricity production
 Adaptable, if more electricity is
required, more panels can be
added to installation.
 Good option to provide electricity
to isolated areas.
 Prices are expected to decrease.
 Uses an endless energy source.
 Low cost of production.
 Energy production does not
depend on the meteorological
factors.

DISADVANTAGES
 High initial investment.
 Variability in generation, it
depends on the meteorological
factors
 Negative environmental impacts
during manufacturing.

 Environmental contamination
during generation.
 Uses a not renewable source of
energy.
 Expensive and inaccessible for
isolated regions.

Source: The autor
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Table 26 NPV for the alternatives for energy provision
Period (year)
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
VNA

Alternative 1 : Traditional energy
Expenses (COP) Utilities (COP) Net cash flow (COP)
-$ 84.016.000
-$ 84.016.000
-$ 468.122
-$ 468.122
-$ 491.528
-$ 491.528
-$ 516.104
-$ 516.104
-$ 541.909
-$ 541.909
-$ 569.005
-$ 569.005
-$ 597.455
-$ 597.455
-$ 627.328
-$ 627.328
-$ 658.694
-$ 658.694
-$ 691.629
-$ 691.629
-$ 726.210
-$ 726.210
-$ 762.521
-$ 762.521
-$ 800.647
-$ 800.647
-$ 840.679
-$ 840.679
-$ 882.713
-$ 882.713
-$ 926.849
-$ 926.849
-$ 973.192
-$ 973.192
-$ 1.021.851
-$ 1.021.851
-$ 1.072.944
-$ 1.072.944
-$ 1.126.591
-$ 1.126.591
-$ 1.182.920
-$ 1.182.920
-$ 1.242.066
-$ 1.242.066
-$ 1.304.170
-$ 1.304.170
-$ 1.369.378
-$ 1.369.378
-$ 1.437.847
-$ 1.437.847
-$ 1.509.739
-$ 1.509.739
-$ 90.630.243,81

Alternative 2: photovoltaic energy
Expenses (COP) Utilities (COP) Net cash flow (COP)
-$ 20.522.578
-$ 20.522.578
-$ 300.000
$ 468.122
$ 168.122
-$ 306.000
$ 491.528
$ 185.528
-$ 321.300
$ 516.104
$ 194.804
-$ 337.365
$ 541.909
$ 204.544
-$ 354.233
$ 569.005
$ 214.772
-$ 371.945
$ 597.455
$ 225.510
-$ 390.542
$ 627.328
$ 236.786
-$ 410.069
$ 658.694
$ 248.625
-$ 430.573
$ 691.629
$ 261.056
-$ 452.101
$ 726.210
$ 274.109
-$ 474.706
$ 762.521
$ 287.815
-$ 498.442
$ 800.647
$ 302.205
-$ 523.364
$ 840.679
$ 317.316
-$ 549.532
$ 882.713
$ 333.181
-$ 577.009
$ 926.849
$ 349.840
-$ 605.859
$ 973.192
$ 367.332
-$ 636.152
$ 1.021.851
$ 385.699
-$ 667.960
$ 1.072.944
$ 404.984
-$ 701.358
$ 1.126.591
$ 425.233
-$ 736.425
$ 1.182.920
$ 446.495
-$ 773.247
$ 1.242.066
$ 468.820
-$ 811.909
$ 1.304.170
$ 492.261
-$ 852.505
$ 1.369.378
$ 516.874
-$ 895.130
$ 1.437.847
$ 542.717
-$ 939.886
$ 1.509.739
$ 569.853
- $ 15.546.439,29

Source: the author
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5. CONCLUSIONS
The thin film solar cells previously developed at IMEC, are based on seed layers
with a thickness of 200 nm, in the seed layer there is absorption of light but no
electricity production, because as its name implies, seed layer is used to reproduce
crystallographic properties into the absorbent layer, consequently it was expected
that reducing the required thickness of this layer, light absorption would decrease
as well, and consequently the performance of the solar cell would be higher. Solar
cells based on ultra-thin seed layers were designed by two different routes for
reducing the thickness:


Thickness reduction before the Aluminium Induced Crystallization (AIC),
technique by which the amorphous silicon can be converted into polycrystalline
silicon by the effect of aluminum; through this route it was observed that when
thickness is lower than 50nm, the AIC does not occur and the seed layer does
not have the required uniformity owing to a lack of silicon to reacts with
aluminum, however, for thickness between 50nm and 100 nm this problem is
solved by increasing the amount of silicon deposited over the aluminum,
keeping a ratio Al: Si as 1:1.3. Seed layers with nominal thicknesses below 50
nm cannot be drawn by this method because there is no crystallization of
silicon.



Reduced thickness after AIC: Using Reactive Ion Etching method, standard
seed layers can be uniformly thinned, the thickness resulting from the seed
layer depends on the time of exposure to plasma of ions, according to the
results, when standard seed layer is exposed to plasma during 150 seconds,
the resultant nominal thickness of seed layer is 50 nm; exposing sstandard
seed layer to plasma for longer than 150 seconds, it loses its crystallographic
properties, therefore, this method can be used to obtain seed layers with a
minimum nominal thickness of 50 nm, in which the seed layer still retains good
quality.

Using methods of microscopy such as optical and scanning electron, it was
possible to do an ongoing review of the quality of seed layers prepared by following
each route, the images achieved in all seed layers produced during the
investigation, provided information on the crystallization process and allowed to
observe clearly the homogeneity of the layer. Additionally, using the tools provided
by these equipment, it is possible to make measurements of length and area with
accuracy even for very thin layers, however, to capture high quality in the SEM for
very small elements is difficult because of the effect generated by the charge of
electrons. Similarly, the 4-point test provides an indirect measure of light
absorption in the seed coat, which was a crucial aspect for assessing the quality of
the seed layer.

Likewise, it is necessary to emphasize the importance of using these methods for
the investigation, taking into account that when material was modified, the
crystallographic quality of the coating was highly compromised, and consequently,
the quality of solar cell, so it was crucial before making absorbent layer through
epitaxial growth, being sure that the layer had a good crystallographic quality, as
this would be reproduced in the rest of the solar cell, also for the economic,
technical and human resources required to complete solar cell process.
According to the results obtained using the two routes, seed layer were grown on a
real substrate, as alumina, in which solar cell process was carried out throughout
the procedures described in the methodology for the development of solar cells,
which included: absorbent layer formation by epitaxial growth, passivation, emitter
formation and contacting of the solar cell; this process was the same for all seed
layers developed, then the performance of solar cells was evaluated using a solar
simulator certified for this purpose, where it was possible to measure: Open circuit
voltage (Voc), Short circuit current (Jsc), Fill Factor (FF) and Efficiency of the solar
cells, which are the most important parameters to be taken into account to
determine the solar cell´s performance.
Given the values of these parameters, it is concluded that it is possible to make
solar cells based on AIC ultra thin layers and that these may have higher quality
compared to the standard thin-film cell developed at IMEC, the results indicate that
the ultrathin AIC layers developed by Route 1 (reduction in thickness before AIC)
do not provide an improved solar cells, but on the contrary, there is a detriment to
the values of parameters such as efficiency, fill factor The open circuit voltage and
short circuit current on the other hand, those seed layers developed by the second
route (decrease in thickness after AIC) provides a noticeable improvement in the
parameters, including those seed layers with thicknesses of 50nm. These results
may mean that the reason why, thinner seed layers are beneficial for solar cell
performance, is the diminished concentration of metal doping and impurities, and
not only in the thickness reduction. However, solar cells based on ultrathin seed
layers, are promising if procedures for solar cell processes are optimized for this
seed layers.
When comparing the environmental performance of solar cells based on ultrathin
seed layers with those produced as standard, it was found that those based on
ultrathin seed layers, have a slightly better environmental performance than the
standard ones; for both, during manufacturing, there is a high energy consumption
and a continuous generation of polluting wastes, but solar cells based on ultrathin
seed layers present a higher efficiency, which was the most important factor for
comparison.
A theoretical evaluation in which, estimated emissions due to energy production for
basic consumption of a house of four people in the city of Bogotá, City of
Sumapaz, Vereda San José was done, trough this evaluation, it was found that this
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production results in an annual emission of approximately 0.595 tons of CO2 to the
atmosphere and additionally, after the design of a simple photovoltaic system
based on solar cells developed, it was found that given the weather conditions and
energy demands would require a total 8 solar panels, whose installation costs
about 20,522,578 COP, such investment is not recovered in full during the life of
PV system, but represents a considerably lower cost than required for installation
and use of conventional electricity if other factors such as the political and
administrative issues have to be overcame to bring electricity to remotes areas.
From the economic point of view, the use of photovoltaic systems in remote areas
in a more viable option than the use of traditional systems, but in areas where
conventional power is readily available, photovoltaic systems are very expensive to
be used as the unique source energy, therefore, in this scenario, it is best used in
combination with conventional power, to reap the environmental benefits that
represents the photovoltaic solar energy.
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6. SUGGESTIONS FOR FURTHER WORK
Despite of the improvement of the solar cells performance for polysilicon solar cells
based on ultrathin seed layers, there are still some crucial issues to be solved
before this technology becomes cost competitive to other well developed ones.
First of all, further improvement is necessary of the cell efficiency to become
competitive with other thin film technologies, for this, it is required to improve the
crystallographic quality of the seed layer and make a continuous testing of it by
using the Electron Backscatter Diffraction technique, by which, it is possible to
know the grain size, the crystal orientation and the grain boundaries in the
polysilicon seed layer. Future work should therefore focus on improving the Back
surface Field to diminish the light absorption in the seed layer.
Parallel to this continued laboratory work, some first steps should be taken towards
the industrial development of the technology. The enlargement of the cell area,
which is currently only 6.25 cm2, is one very important topic. It needs to be proven
that the technology is able to deliver similar efficiencies on a larger cell area.
Besides that, the development of a commercial high-throughput CVD system
needs to be accelerated, since no such systems are available on the market at the
moment. This complicates a possible industrial applicability of the high-temperature
approach. A final requirement is that all laboratory processes have to be replaced
by industrial processes. The lithography that is currently used to contact the layers
is an example of a technique that will need to be replaced by an industrial
technique such as laser scribing in combination with metal printing.For applying
photovoltaic technology in Colombia, it is necessary the promotion and use of it in
remote areas, which is a clean and convenient way to get the electricity, when use
of photovoltaic modules is expanded, then prices will start to decrease. For further
investigations, about application of photovoltaic technology in Colombia, large
scale applications has to be considered for industry, where the use of this
technology can represent monetary incomes, if an appropriate planning is done.
Further work has to be focused in the environmental impacts from solar cells
manufacturing, taking into account that there are a lot of polluting wastes (some of
them with hazardous properties) during processing. Environmental strategies have
to be researched in order to minimize the polluting wastes through a strict study of
the process line and feedstock, to apply Clean Development Mechanisms to make
of this process as environmentally efficient as possible.
Finally, it is necessary to promote research and development in this field, starting
from the academia, there are few professionals in this field, and, taking into
account the privileged location of Colombia, future of photovoltaics is promising but
the potential of the technology is underutilized.
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APPENDIX A
EXPERIMENTAL PROCEDURE FOR
THIN FILM POLYCRISTALLINE
SILICON SOLAR CELLS BASED ON
ULTRA THIN ALUMINIUM INDUCED
CRYSTALLIZATION LAYERS

Ultra thin seed layer formation

Modified thickness during
deposition before AIC

Modified thickness after AIC
by Reactive Ion Etching

Deposition in high vacuum
maintaining the standard Si:Al
ratio as standard seed layer
(1:1.15)

Si
230nm:
Al 200nm

Si
172.5nm:
Al 150nm

Si 201.2nm:
Al 175nm

Si
115nm:
Al 100nm

Si
143.5nm:
Al 125nm

Deposition in high vacuum maintaining
the standard parameters (Al= 200nm,
Si=230nm)

Si
57.5nm:
Al 50nm

Si
86.2nm:
Al 75nm

Si 28.7 nm:
Al 25nm

Layer
homogeneity
checked with
optical and
scanning
electron
microscopy

After AIC, the seed layer presented silicon
islands, to facilitate the thinning process
with the RIE, the islands had to be
removed using the same technique.

Exposition of seed layer to Reactive Ion
Etching to remove Si islands
To find the optimal exposition time to
remove Si Islands, the seed layer was
exposed to the plasma under the same
conditions but varying the exposition time

It was observed that keeping an Al thickness of 50 nm the
AIC is achieved, but the hole density reaches the 18.4%,
owing to a lack of Si to react with Al, it was proposed to
increase the ratio Si:Al maintaining Al thickness as 50nm

300 sec

Ratio
1:1.15

Ratio
1: 1.3

Ratio
1: 1.5

Ratio
1: 1.7

Ratio
1: 1.9

Layer homogeneity
checked with optical
microscopy

It was observed that keeping an Al thickness of 50 and a ratio
Si:Al of 1:1.3 the hole density and the amount of islands were
acceptable, then, solar cells were prepared on alumina substrate
on a seed layer in which 50 nm of Aluminium and 65nm of silicon
were deposited, maintaining the desired ratio 1:1.3

Growth absorbent layer using LPCVED deposition
(absorbent layer thickness = 3 µm

Passivation and Emitter formation in PECVD System

Contacting of the solar cell – Interdigitated contacts

250 sec
274 sec

200 sec

235 sec
240 sec

220 sec

According to the mocroscopical pictures of the seed
layer, the optimal exposition time to remove the
islands is 235 seconds, then, using this exposition
time , the seed layer was thinned down (After
aluminium removal) using different exposition times

 25 sec
 50 sec
 75 sec

The seed layers maintain good quality, but still, are not
thin enough for the project purpose

 100 sec
 120 sec The seed layer maintains good quality and they are thin
 150 sec enough to be used during the project, it was proposed to

make solar cells on seed layers inside this rank.
Solar cells were prepared using seed layers
made on alumina substrate through this  170 sec
route, removing islands with RIE (Exposition  200 sec The seed layer is considerably damaged when exposed
time = 235 sec) and thinning down with RIE  225 sec to these times, they were ruled out.
(Exposition time 100 sec and 150 sec)

APPENDIX B
RESULTS FOR POLYSILICON
SOLAR CELLS DEVELOPED

FF (%)

0,44877169
0,46367221
0,44646867
0,46083245
0,46959418
0,44194907
0,45361858
0,4583379
0,42172861
0,42767442
0,46129651
0,46482901
0,47393716
0,47408816
0,47413006
0,47898959
0,48027437
0,4815573
0,48078502
0,48107803
0,48155504
0,48456653
0,4776532
0,47994809
0,47917782
0,46816093
0,05715907
0,46164262
0,44343391
0,44416428

4,85875632
5,21360461
4,84354965
5,16393566
5,25749067
4,70326767
4,98293452
5,05424443
4,23365208
4,35127654
5,12565868
5,1133678
5,40384536
5,30375186
5,37110139
5,53699019
5,54086103
5,6726484
5,5953836
5,53876331
5,53594006
5,62598089
5,45506331
5,52015607
5,52759027
5,19173002
0,20754308
4,66592685
4,67238514
4,69741426

67,5063021
69,6358183
67,5080231
68,9255214
70,306636
67,2155516
68,0734803
68,6226661
65,2252007
66,104798
69,2505334
68,5338166
70,2127914
68,9899416
70,3728123
71,0916035
71,7690497
72,1477442
72,0205406
71,9409631
70,5491795
71,5411497
70,2713663
70,9156292
71,5926843
68,8726711
24,8026447
63,0575554
67,5141074
67,9620927

Sample

100 nm

Eff (%)

50 nm

Voc (v)

A 207

A
B
D
E
F
H
I
J
K
L
A
B
D
E
F
H
I
J
K
L
A
B
D
E
F
H
I
J
K
L

Isc
(A/cm2)
0,01603819
0,01614709
0,01607006
0,01625765
0,01592427
0,0158328
0,01613676
0,01606952
0,01539099
0,01539113
0,01604525
0,01605125
0,01623925
0,0162158
0,01609759
0,01626033
0,01607499
0,01632733
0,0161593
0,01600372
0,01629497
0,01622889
0,01625207
0,01621867
0,01611278
0,01610164
0,01463946
0,01602857
0,01560685
0,01556139

A 208

200 nm
100 nm
50 nm

A 203
A 205

A204

Sample

Source: the author

A
B
D
E
F
H
I
J
K
L
A
B
D
E
F
H
I
J
K
L

Isc
(A/cm2)
0,01495708
0,01477255
0,01523288
0,01518232
0,014609
0,01512408
0,01491284
0,01472882
0,01509929
0,01451666
0,01437977
0,01398636
0,01432116
0,01414858
0,0137104
0,0142396
0,01415496
0,01385683
0,01363883
0,013239

Voc (v)

Eff (%)

FF (%)

0,4301588
0,41490459
0,45476154
0,43289196
0,40662216
0,46251297
0,43948167
0,41035547
0,46295271
0,43821571
0,45523027
0,43481917
0,45011052
0,432255
0,39603091
0,43816223
0,42268288
0,39535639
0,40790118
0,38808507

4,26416178
3,99327128
4,71545399
4,34975095
3,84900822
4,81965304
4,39921425
3,88411512
4,82633303
4,23868113
4,50593326
4,04735161
4,36084831
4,09005689
3,45423265
4,2141962
3,91896572
3,51909803
3,59952768
3,3034127

66,2762833
65,1515866
68,0703094
66,1830639
64,7943765
68,9006027
67,1234086
64,2634133
69,0437141
66,6309856
68,8337941
66,5514489
67,6508854
66,8769332
63,6168795
67,5432554
65,5010314
64,2360363
64,7013646
64,2955186

Best solar cell from the sample

APPENDIX C
DATASHEETS FOR EQUIPMENT
USED FOR PHOTOVOLTAIC
INSTALLATION DESIGN

Inverter

Source: Solar Center

Battery

Source: Solar Center

Photovoltaic Panel

Source: hemeva

APPENDIX D
ACCEPTANCE NOTE AND
DECLARATION NOTE ABOUT TIME
OF WORK IN IMEC.

